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Introduction

The ionization of molecules by electrons and the reactions of the resulting ions with
neutral reagents are essential elements of gaseous electronics. The partitioning among
simple and dissociative ionization by electron impact and the kinetics of charge transfer
reactions have been evaluated using pulsed ion cyclotron resonance mass spectrometry.
These crucial gaseous electronic data for perfluorinated microelectronic plasma etch
precursors including C,F4, c-CsFg, CsFg, C4Fg, CoFs, C3Fg, c-C4Fg, and NF5 are reported.
The ionization cross sections and ion-molecule reactions of hydrofluorocarbon etchants
C,HFs and C,HF, are also presented. lon formation and reactions in organometallic
species whose plasma chemistry leads to film deposition such as HSi(CHj3)3, Ge(CyHs)a,
Al(CH3)3, and Ga(CH3)s are presented, as are the properties of the fire suppressants
CF;Br and CFsl. Electron impact ionization in a simple hydrocarbon fuel, and the
subsequent reactions of dissociatively ionized fragments with n-octane, are reported as
well. The data presented in this report can provide the basis for critical evaluation of
quantum theoretical analyses of dissociative ionization as well as practical information on
ion chemical constraints on the performance of plasma devices such as etching reactors,
coating and film deposition systems, and electrical ignition systems.

Ion Chemistry in tetrafluoroethylene, C,F4

Dissociative lonization of C,F,

Dissociative ionization of perfluoroethylene has been examined by Fourier transform
mass spectrometry. A sample of C,F4 graciously provided by Air Products was used
without further purification. Mixtures of C,F4 with calibrated quantities of Ar and Xe
were used to ascertain both the magnitude and threshold for partial ionization of this
material.

Ten ions are observed upon electron impact:
C',F", C,", CF', CF,', CF;' CoF ", CoF, ", CoF3', and CoF 4.

If any other ions, such as F," or CF,", are formed, their cross sections must be less than
10 em?.

Analysis of the C,F4 provided by Air Products revealed CO, impurity at a concentration
of 4.5%. This contamination was inferred from the measured CO," yield and values for
the CO; ionization cross section between 80 and 130 eV published by Rapp and
Englander-Golden (J. Chem. Phys., 43, 1464 (1965)).
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Table 1. Partial Ionization Cross sections for C,F, in units of 10%cm?

Energy C* F' C,” CF" C,F* CF," C,F,” CF3* C,F;" CoFs
10 0.001 0.004 0.005 0.006 0.004 0.005 0.004 0.006 0.005 0.003
12 0.000 0.002 0.004 0.005 0.003 0.002 0.002 0.003 0.002 0.025
14 0.000 0.002 0.002 0.004 0.002 0.002 0.002 0.006 0.004 0.116
16 0.000 0.002 0.003 0.008 0.003 0.004 0.002 0.019 0.006 0.257
18 0.000 0.002 0.003 0.018 0.002 0.016 0.002 0.036 0.036 0.357
20 0.000 0.002 0.003 0.048 0.003 0.047 0.003 0.056 0.116 0.434
22 0.000 0.002 0.002 0.107 0.005 0.084 0.002 0.064 0.204 0.477
24 0.000 0.002 0.002 0.178 0.006 0.119 0.002 0.071 0.276 0.523
26 0.000 0.002 0.002 0.258 0.007 0.152 0.003 0.077 0.345 0.536
28 0.000 0.002 0.002 0.343 0.008 0.187 0.005 0.084 0.424 0.571
30 0.000 0.002 0.002 0.415 0.008 0.208 0.007 0.088 0.484 0.579
32 0.000 0.002 0.002 0.499 0.009 0.236 0.008 0.093 0.555 0.614
34 0.000 0.001 0.002 0.586 0.010 0.262 0.010 0.098 0.618 0.629
36 0.000 0.002 0.002 0.688 0.011 0.294 0.012 0.103 0.691 0.657
38 0.001 0.002 0.003 0.792 0.013 0.325 0.013 0.106 0.757 0.682
40 0.001 0.002 0.003 0.876 0.014 0.349 0.014 0.110 0.809 0.701
45 0.001 0.002 0.006 1.020 0.016 0.386 0.017 0.112 0.894 0.725
50 0.001 0.003 0.010 1.152 0.017 0.424 0.018 0.117 0.982 0.753
55 0.001 0.004 0.013 1.235 0.019 0.446 0.018 0.118 1.035 0.766
60 0.001 0.005 0.015 1.322 0.019 0.469 0.020 0.121 1.092 0.782
65 0.001 0.006 0.017 1.397 0.020 0.490 0.020 0.122 1.138 0.784
70 0.001 0.007 0.018 1.439 0.021 0.500 0.020 0.123 1.163 0.790
75 0.001 0.008 0.019 1.485 0.021 0.512 0.020 0.123 1.193 0.790
75 0.001 0.009 0.021 1.530 0.022 0.520 0.021 0.121 1.192 0.790
80 0.002 0.010 0.022 1.588 0.022 0.532 0.021 0.122 1.221 0.799
90 0.002 0.013 0.025 1.647 0.023 0.547 0.022 0.125 1.260 0.800
100  0.002 0.015 0.028 1.720 0.023 0.566 0.020 0.121 1.297 0.790
110  0.002 0.018 0.028 1.743 0.024 0.569 0.022 0.119 1.305 0.779
120  0.003 0.020 0.029 1.776 0.023 0.578 0.022 0.119 1.333 0.776
130  0.003 0.022 0.030 1.786 0.022 0.579 0.022 0.120 1.353 0.777
140  0.002 0.022 0.030 1.773 0.021 0.570 0.021 0.119 1.346 0.762
150  0.002 0.022 0.030 1.774 0.022 0.567 0.020 0.116 1.351 0.757
160  0.002 0.023 0.030 1.784 0.022 0.571 0.021 0.116 1.364 0.758
170  0.002 0.024 0.031 1.789 0.022 0.572 0.021 0.117 1.370 0.760
180  0.002 0.024 0.030 1.780 0.021 0.570 0.021 0.116 1.369 0.753
190  0.002 0.024 0.030 1.775 0.020 0.568 0.020 0.114 1.372 0.748
200 0.003 0.025 0.030 1.762 0.020 0.564 0.021 0.114 1.364 0.737
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Figure 2. Comparison of total ionization cross sections measured by FTMS and computed using the
Binary Encounter Bethe method of Kim et al.

The total ionization cross section for C,F4 may be estimated using the Binary Encounter
Bethe model of Kim (Kim and Rudd, Phys. Rev. A50, 3594 (1994)) and orbital potential
and kinetic energies from ab initio electronic structure theory. Figure 2 displays a
comparison of total ionization cross sections measured by FTMS and computed from
orbital energies provided by Winstead and McKoy (Personal communication, May 2000).
The theoretical and experimental cross sections are in remarkable agreement between
threshold and 25 eV, after which the BEB model overestimates the total ionization cross
section by about 20%.



The threshold for generation of the C,F," ion is approximately 1 eV below the 12.13 eV
threshold for generation of Xe" from Xe, as illustrated in figure 3. This threshold is in
good agreement with the Koopman’s theorem ionization potential inferred from the 2b,,
orbital binding energy of 11.17 eV.
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Figure 3. Threshold behavior of the five most prominent ions in C,F, ionization processes. The
measured cross section for Xe" divided by 10 is displayed to anchor the energy scale

The fragmentation of tetrafluoroethylene is unusual compared with that of other
fluorocarbons and hydrofluorocarbons we have examined. Below 18 eV, only C,F4 is
produced. Between 18 and 60 eV, there is competition among nine dissociative channels
involving bond cleavage and rearrangement. The partitioning among these dissociative
ionization channels stops varying with energy above 60 eV. The 7 eV difference
between the threshold for generation of C,F," and that for fragment ions implies higher
production rates of this ion in plasmas whose electron energy distribution functions are
monotonically decreasing with energy.

Charge Transfer Reactions in C,F,

Evolution of the ion composition following electron impact was studied by introducing a
delay between electron beam irradiation of the gas mixture and acquisition of the mass
spectrum. Figure 4 displays the fate of ions formed by 25 eV electron impact in a 1:1
Ar:C,F4 mixture. Figure 5 shows analogous results at 50 eV. The primary reaction is that
of Ar” with C,F, to produce C,F4". This result might be anticipated on thermodynamic
grounds, because the ionization potential of Ar, 15.6 eV, is between the thresholds for
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production of C,F," and those for production of the other C4F," ions. However, CF;" is
also produced by charge transfer from Ar" at one half the rate for C,F,.

10°
- . +
Ar c2F4
= T *:if\——jji fﬁfii‘*ﬁj -
-1 T — . 4
107 - CF, ~_ C,F; :
- - S
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e
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L /
L /,/
1 0'3 I I I I
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Figure 4. Evolution of charged species following 25 eV electron impact in a 1:1 C,F:Ar mixture

CF" does not react with the parent gas at appreciable rates; however, C,F3" reacts with
tetrafluoroethylene to form a new carbon-carbon bond:

CF;" + GCF4 & CFs + {CF,}.
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Figure 5. Relaxation of ions formed by 50 eV electron impact in a 1:1 C,F,:Ar mixture

The final reaction of interest is the production of HCF," from traces of water vapor in the
vacuum chamber:

H,O + CF,° = HCF," + HO

The same kinetics are observed in figure 5 following irradiation of the mixture by 50 eV
electrons. These data supports the idea that internally excited C4F," ions that might be
produced by more energetic electron impact are no more reactive than those formed at 25
eV.

Composition of plasmas that contain C,F,

The ionization of C;F4 by plasma electrons will yield primarily the parent CoF4" ion,
which is also the primary product of Ar' charge transfer to C,Fs. C,F," is unreactive with
neutral C,F4. We therefore anticipate that it will dominate the ion distribution for many
plasma configurations. Only electrons with kinetic energies above 18 eV can produce
fragment ions. Among the fragments, CF" has the highest yield above 30 eV, followed

-7 -



closely by C,F;". The latter reacts with C,F4 to form C3F5  but at a rate quite slow
compared to that of the Ar" + C,F, reaction.

Ion chemistry of perfluorocyclopentene, c-CsFg

Dissociative ionization of c-CsFg

The collisional ionization of perfluorocyclopentene, CsFg, by electrons has been
examined using pulsed ion cyclotron resonance mass spectrometry. The parent molecular
ion is found to have the lowest appearance potential and a qualtitatively distinctive cross
section shape as seen in figure 8. Thirteen dissociative ionization channels are also found
with sections that exceed 10™'* cm®. Above 20 eV the most abundant ion species results
from the loss of two fluorine and one carbon atoms (or CF;) , but the dominant channel
switches to that yielding C5F5" above 35 eV. CsF;" and C4F5", which result from loss of a
fluorine atom and CF; or its fragments round out the contributions with thresholds below

20 eV.

25 T T
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=< 150 |
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2
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|
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Figure 6. High resolution mass spectrum distinguishes F* that is formed from dissociative ionization
of C;sFg from traces of protonated water that are produced from background moisture through the
reaction H,O" + H,O -> H;0" + OH

A second group of processes have appearance potentials between 20 and 30 eV and give
rise to CF", CF3', CsF,", C3F4", C4F4", CoF,", C3Fs', and C,F;". There is a small yield of
F" as well, which can be cleanly distinguished from traces of H;O" using the high
resolution ICR data as seen in figure 6 above. The F formation process has a threshold at
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about 60 eV and the smallest measured cross section for the detected dissociatively
ionized fragments.

The total ionzation section rises to a maximum value of 1.2 x 107 cmz, or about four
times that for argon ionization, as can be seen by inspection of figure 7. The threshold for

production of ions from perfluorocyclopentene is 13 +/- 0.5 eV, well below that for single
ionization of argon.
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Figure 7. Total ionization section for c-CsFg with the cross section for Argon ionization shown as a
scale reference
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Figure 8. Partial ionization sections of perfluorocyclopentene (c-CsFj)
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Table 2. Partial and total ionization sections of perfluorocyclopentene (10"'°cm?)

eV F+ CF+ CF3+ C3F2+ C2F3+ C3F3+ C2F4+ C3F4+ C4F4+ C3F5+ CA4F5+ C4F6+ C5F7+ C5F8+ total

15 0.017 0.141 0.158
16 0.027 0.025 0.052 0.230 0.335
17 0.011 0.058 0.013 0.057 0.141 0.543 0.824
18 0.010 0.010 0.083 0.011 0.100 0.243 0.039 0.751 1.246
19 0.007 0.009 0.013 0.096 0.012 0.011 0.008 0.135 0.355 0.062 0.772 1.478
20 0.008 0.012 0.020 0.122 0.013 0.010 0.008 0.181 0.523 0.113 0.796 1.805
21 0.012 0.013 0.007 0.022 0.159 0.015 0.010 0.010 0.214 0.648 0.171 0.785 2.065
22 0.014 0.016 0.007 0.024 0.208 0.019 0.008 0.012 0.250 0.751 0.226 0.744 2.278
23 0.015 0.017 0.008 0.023 0.255 0.023 0.008 0.014 0.284 0.827 0.273 0.692 2.438
24 0.017 0.021 0.008 0.024 0.315 0.006 0.033 0.010 0.018 0.334 0.924 0.332 0.691 2.734
26 0.020 0.034 0.009 0.022 0.448 0.009 0.059 0.014 0.025 0.430 1.038 0.428 0.677 3.212
28 0.027 0.053 0.011 0.024 0.601 0.016 0.086 0.023 0.033 0.512 1.096 0.510 0.670 3.662
30 0.035 0.076 0.014 0.027 0.774 0.024 0.112 0.043 0.040 0.599 1.158 0.609 0.687 4.198
32 0.045 0.095 0.019 0.027 0.906 0.032 0.129 0.069 0.045 0.652 1.173 0.672 0.679 4.544
34 0.062 0.120 0.032 0.030 1.055 0.041 0.146 0.095 0.051 0.718 1.242 0.749 0.701 5.042
36 0.081 0.141 0.049 0.031 1.179 0.046 0.159 0.115 0.054 0.767 1.278 0.811 0.706 5.417
38 0.114 0.173 0.073 0.032 1.380 0.055 0.180 0.138 0.062 0.863 1.372 0.918 0.744 6.104
40 0.143 0.192 0.092 0.031 1.472 0.060 0.189 0.147 0.063 0.897 1.374 0.957 0.743 6.360
45 0.240 0.237 0.143 0.029 1.731 0.072 0.215 0.170 0.071 1.007 1.434 1.075 0.783 7.207
50 0.349 0.272 0.189 0.026 1.946 0.083 0.235 0.190 0.077 1.097 1.478 1.173 0.781 7.899
55 0.463 0.305 0.228 0.024 2136 0.092 0.254 0.207 0.083 1.182 1.516 1.263 0.838 8.5692
60 0.567 0.328 0.269 0.022 2270 0.100 0.267 0.217 0.088 1.240 1.544 1.330 0.839 9.070
65 0.661 0.345 0.280 0.022 2364 0.105 0.277 0.223 0.091 1.276 1.565 1.373 0.814 9.393
70 0.751 0.362 0.299 0.021 2462 0.111 0.288 0.231 0.093 1.316 1.587 1.420 0.810 9.751
75 0.006 0.844 0.381 0.320 0.019 2568 0.117 0.299 0.239 0.097 1.363 1.600 1.467 0.817 10.138
80 0.006 0.944 0.401 0.342 0.017 2677 0.122 0.311 0.248 0.100 1.413 1.622 1.521 0.835 10.561
90 0.007 1.133 0.434 0.376 0.014 2.874 0.132 0.329 0.260 0.107 1.532 1.678 1.634 0.865 11.375
100 0.007 1.258 0.445 0.390 0.016 2960 0.134 0.336 0.261 0.109 1.603 1.709 1.700 0.875 11.801
110 0.008 1.346 0.447 0.393 0.018 2991 0.135 0.339 0.257 0.109 1.619 1.721 1.720 0.888 11.992
120 0.010 1.360 0.443 0.386 0.017 2968 0.134 0.339 0.253 0.109 1.623 1.720 1.732 0.900 11.995
130 0.011 1.393 0.447 0.388 0.018 3.002 0.135 0.345 0.255 0.111 1.652 1.742 1.767 0.892 12.157
140 0.013 1.375 0.438 0.376 0.017 2962 0.132 0.342 0.250 0.110 1.636 1.7256 1.752 0.876 12.004
150 0.013 1.356 0.430 0.366 0.017 2927 0.130 0.338 0.246 0.109 1.619 1.707 1.741 0.879 11.878
160 0.014 1.310 0.418 0.352 0.017 2.868 0.127 0.334 0.239 0.107 1.606 1.695 1.720 0.862 11.668
170 0.015 1.324 0.418 0.350 0.019 2872 0.125 0.334 0.237 0.107 1.634 1.703 1.741 0.869 11.748
180 0.016 1.360 0.426 0.356 0.020 2916 0.126 0.338 0.239 0.109 1.668 1.706 1.783 0.867 11.932
190 0.017 1.383 0.431 0.360 0.021 2943 0.127 0.340 0.242 0.109 1.687 1.705 1.809 0.870 12.043
200 0.018 1.367 0.423 0.352 0.021 2.892 0.124 0.333 0.235 0.107 1.662 1.666 1.784 0.847 11.831

Charge transfer reactions of c-CsFg

The ion chemistry of the dissociatively ionized fragments was probed by introducing a
delay between ion formation at 50 eV and the recording of the mass spectrum. No
evidence for high molecular weight clusters, that is ions with more than five carbon
atoms, was observed under the single collision conditions of the FTMS experiment. The
primary reaction was reduction of Ar" to three products:

Ar' + CsFg ==> CsF+ + {ArF}, k=1.0 (relative)
Ar' + CsFy ==> CsFg+ + Ar, k=0.5
Ar' 4+ CsFg ==> CFe+ + {Ar,C,2F}, k=0.3

with a 10:5:3 branching ratio.
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Figure 9. Evolution of ion ensemble following irradiation of an Ar:CsFg mixture with 50 eV electrons

Although the reagent pressure in the ion relaxation experiment is not precisely known,
the approximate perfluorocyclopentene pressure of 10 Torr implies rate coefficients of
8.3,4.1,and 2.5 10" em®s™ for these three charge transfer reactions. In other words, the
total charge transfer rate of 1.5 x 10"° cm’s™ is of the order one expects from classical
Langevin collision theory for ion-molecule reactions. The three observed products have
appearance potentials below that of argon, however the branching ratios differ from the
cross section ratios observed following 16 eV electron impact. The C5F5" ion, which is
not produced by charge transfer from Ar’, has an appearance potential very close to that

-12 -



of Ar, as seen below in figure 10. The remaining ion fragments are neither produced by
charge transfer nor, with the possible exception of CF", consumed by reaction with CsFs.

N
[@)]
T

cmz)

-16
N
T

Cross section (10

0.5+

0 .;:A;'-.,’“": | | | I I ! | |
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Electron Energy (eV)

Figure 10. Threshold behavior of dissociative ionization cross sections for Ar‘and C;F;"

In a weakly ionized plasma that contains perfluorocyclopentene one expects the C3F;" ion
to be dominant at low pressures with a transition to enhancement of the CsF .
concentration as the partial pressure of perfluorocyclopentene increases.

Ion Chemistry of perfluoropropene, C;Fs

Dissociative ionization of C;Fg

Perfluoropropene produces a cornucopia of ion fragments by electron impact. Virtually

every plausible fragment that might be formed is observed to have a cross section greater
than 10™"¥cm? (figure 11).
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Figure 11. Dissociative ionization cross sections for perfluoropropene, C;Fg
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As was observed with perfluorocyclopentene, the parent molecular ion has the lowest

appearance potential and a distinctive cross section shape. This cross section rises
rapidly but the yield for the unfragmented CsFs" ion is overtaken by production of C3Fs"
(+ F), then CF;", C,F4" and finally CF" as the electron energy increases.

Table 3. Partial and total ionization cross sections of perfluoropropene (10™"'°cm?)

eV F+

1
12
13
14
15
16
17
18
19
20
21
22
23
24
26
28
30
32
34
36
38
40
45
50
55
60
65
70
75
80
90
100
110
120
130
140
150
160
170
180
190
200

0.002
0.003
0.004
0.005
0.006
0.009
0.011
0.013
0.016
0.017
0.018
0.019
0.020
0.021
0.021
0.025
0.023

CF+

0.006
0.010
0.018
0.024
0.039
0.055
0.101
0.165
0.237
0.314
0.405
0.494
0.599
0.710
0.886
1.057
1.207
1.363
1.658
1.779
1.951
2.008
2.190
2.281
2.325
2.408
2.378
2.410
2.399
2.386
2.329
2.306
2.365
2.218

CF2+ CF3+ C2+

0.010
0.017
0.026
0.036
0.044
0.057
0.069
0.083
0.111
0.141
0.168
0.198
0.250
0.276
0.309
0.323
0.356
0.376
0.387
0.401
0.396
0.401
0.400
0.401
0.394
0.389
0.391
0.383

0.012
0.020
0.035
0.067
0.113
0.164
0.272
0.366
0.538
0.685
0.811
0.927
1.079
1.203
1.324
1.438
1.556
1.722
1.871
1.940
2.148
2.229
2.373
2.376
2.439
2.466
2477
2.500
2.464
2.536
2494
2517
2.489
2474
2.427
2.434

0.003
0.005
0.008
0.011
0.014
0.017
0.022
0.027
0.031
0.035
0.036
0.037
0.039
0.040
0.039
0.039
0.042
0.040

C2F+ C2F2+ C2F3+ C2F4+ C2F6+ C3F+ C3F2+ C3F3+ C3F4+ C3F5+ C3F6+ total

0.016
0.025
0.035
0.042
0.052
0.068
0.076
0.087
0.092
0.105
0.112
0.115
0.119
0.117
0.120
0.119
0.118
0.115
0.113
0.116
0.110

0.009
0.011
0.015
0.021
0.033
0.042
0.053
0.062
0.074
0.085
0.094
0.104
0.126
0.135
0.146
0.149
0.156
0.160
0.161
0.162
0.159
0.162
0.161
0.160
0.156
0.155
0.154
0.151

0.009
0.013
0.021
0.046
0.076
0.102
0.125
0.151
0.169
0.190
0.208
0.227
0.256
0.282
0.303
0.353
0.374
0.405
0.410
0.429
0.438
0.446
0.453
0.447
0.462
0.458
0.463
0.458
0.455
0.445
0.451

0.015
0.017
0.019
0.036
0.065
0.117
0.184
0.279
0.356
0.415
0.486
0.548
0.610
0.655
0.712
0.762
0.814
0.889
0.922
0.963
1.018
1.081
1.167
1.129
1.160
1.167
1.216
1.201
1.207
1.213
1.212
1.204
1.181
1.210
1.178
1.181
1.165
1.155
1.135
1.133
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0.076
0.080
0.086
0.084
0.072
0.072
0.075
0.064
0.062
0.055
0.051
0.049
0.047

0.010
0.018
0.024
0.031
0.041
0.045
0.050
0.051
0.055
0.056
0.056
0.056
0.055
0.055
0.054
0.054
0.052
0.051
0.051
0.050

0.005
0.007
0.011
0.019
0.030
0.046
0.055
0.061
0.067
0.081
0.085
0.090
0.090
0.090
0.089
0.087
0.085
0.083
0.083
0.081
0.079
0.078
0.075
0.075
0.070

0.007
0.007
0.007
0.007
0.007
0.009
0.017
0.032
0.056
0.083
0.102
0.120
0.135
0.146
0.157
0.166
0.172
0.196
0.201
0.211
0.207
0.205
0.200
0.196
0.194
0.189
0.194
0.188
0.189
0.185
0.182
0.176
0.173

0.012
0.013
0.015
0.018
0.019
0.022
0.023
0.025
0.026
0.028
0.030
0.031
0.034
0.034
0.036
0.036
0.036
0.037
0.036
0.036
0.036
0.037
0.036
0.037
0.037
0.037
0.036
0.036

0.014
0.015
0.016
0.024
0.035
0.061
0.102
0.191
0.298
0.392
0.546
0.664
0.831
0.972
1.115
1.247
1.421
1.574
1.699
1.820
1.943
2.123
2.307
2.329
2.526
2.608
2.766
2.761
2.810
2.841
2.866
2.895
2.861
2.960
2911
2.941
2.905
2.890
2.836
2.850

0.028
0.037
0.064
0.122
0.196
0.341
0.510
0.658
0.761
0.811
0.839
0.857
0.860
0.894
0.887
0.869
0.906
0.910
0.872
0.956
0.949
0.970
1.030
1.058
1.154
1.118
1.120
1.088
1.103
1.080
1.085
1.099
1.085
1.040
1.006
1.013
0.981
0.988
0.986
0.988
0.958
1.002

0.028
0.037
0.093
0.154
0.232
0.401
0.622
0.856
1.088
1.364
1.631
1.869
2.223
2.556
3.053
3.480
3.973
4.420
4.929
5.521
5.967
6.459
7.098
7.815
8.576
8.844
9.771
10.110
10.764
10.883
11.273
11.492
11.578
11.677
11.497
11.774
11.581
11.635
11.465
11.384
11.279
11.170
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Figure 12. Total ionization cross section of perfluoropropene

Charge transfer reactions of C;Fg

The varied dissociative ionization channels for perfluoropropene provide a rich and
diverse source of reactive ion fragments. In addition to reactions with the Ar" ion, we see

evidence of charge transfer from CF;", CF' C,F;", CF,', and C,F," to perfluropropene.
The most prominent reaction is

-16 -



Ar'+ C3Fg & C3Fs + {Ar, F} k~1.7x 10" cm’s™.

At least some of the remaining reactive ions also yield C3Fs' by charge transfer, but the
precise relationship between minor reactant and product channels must await double
resonance experiments. The rate constants shown below for reaction of each fragment
produced by 50 eV electron impact are approximate and presume a chamber pressure of
10 Torr. The relative rates are more precise, as can be inferrred from the data shown in
figure 13.

Table 4. Decay rates and approximate bimolecular rate coefficients for charge transfer to
perfluoropropene

Ion Decay rate from Approximate k (10
Species figure 13 (s™) Yem’s™)

N 6.12 1.7

CF;" 1.13 0.32

CF' 2.3 0.66

CoF5" 2.02 0.57

CF," 4.37 1.2

CoF," 3.00 0.85

Although the C5Fs" ion accounts for 86% of the product, smaller yields of C;F 6+(7%),
CoF4" (6%), CoFs™ (1%), C3F3 " and C3F4" (<0.5%) are also observed. In contrast to
perflurocyclopentene, the species with the largest dissociative ionization cross section,
CsFs', is also the most prominent product when the product of gas pressure and
interaction time is of the order of 10 Torr-seconds. The combination of millitorr
pressures and millisecond ambipolar diffusion times typical of etching reactors are in this
range, leading to the inference that higher molecular weight fluorocarbon species, if
observed in etching reactors, are the result of other chemistry.
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Figure 13. Evolution of ion composition in an Ar:C;F¢ mixture following irradiation by50 eV
electrons. Reactant ions whose concentration decays are indicated by diamonds; product species with

increasing concentrations are shown by circles
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Ion Chemistry of perfluorobutadiene, C4F

Electron Impact lonization

The most abundant product of electron impact ionization of perfluorobutadiene is the
trifluoropropyl ion C3F3", while the product with the lowest appearance potential is the
parent C4F¢" molecular ion. A rich melange of dissociated ions are also produced by
electron collisions with C4F¢. A total of 16 dissociative ionization channels have been
identified and can be seen in figure 14 and table 5, below. The higher thresholds, smaller
do/dE values, and lower cross-section magnitudes for dissociative ionization imply that
the undissociated C4Fs" will be the dominant species produced by plasma eThe most
abundant product of electron impact ionization of perfluorobutadiene is the
trifluoropropyl ion C3F;", while the product with the lowest appearance potential is the
parent C4F¢" molecular ion. A rich melange of dissociated ions are also produced by
electron collisions with C4F¢. A total of 16 dissociative ionization channels have been
identified and can be seen in figure 14 and table 5, below. The higher thresholds, smaller
do/dE values, and lower cross-section magnitudes for dissociative ionization imply that
the undissociated C4Fs" will be the dominant species produced by plasma electrons.

10
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Figure 14. Partial ionization cross sections of perfluorobutadiene, C,F;
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As can be seen in Figure 15, the total ionization cross section rises to a maximum value

of 1.2 x 10"°cm?, almost five times that of Argon at 200 eV.
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Figure 15. Total ionization cross section for perfluorobutadiene



Table 5. Partial ionization cross sections of perfluorobutadiene; columns correspond to successive ion

mass/charge ratios, units are 10"° cm

m/e 12 amu
10  0.000
11 0.000
12 0.000
13 0.000
14 0.000
15 0.000
16 0.000
17 0.000
18  0.000
19  0.000
20 0.000
21 0.000
22 0.000
23 0.000
24 0.000
26 0.000
28 0.000
30 0.000
32 0.000
34 0.000
36 0.002
38 0.002
40 0.002
45 0.002
50 0.002
55 0.003
60 0.003
65 0.003
70 0.003
75 0.003
80 0.003
90 0.004

100 0.003
110 0.004
120 0.004
130 0.004
140 0.003
150 0.003
160 0.003
170  0.003
180 0.003
190 0.003
200 0.003

24
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.005
0.006
0.007
0.010
0.013
0.016
0.020
0.022
0.025
0.028
0.029
0.031
0.033
0.033
0.034
0.034
0.033

31
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.007
0.008
0.011
0.020
0.025
0.047
0.089
0.142
0.190
0.225
0.297
0.369
0.443
0.640
0.843
0.969
1.097
1.185
1.270
1.364
1.435
1.519
1.546
1.568
1.631
1.603
1.602
1.605
1.609
1.632
1.627
1.623
1.578

36
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.012
0.014
0.016
0.022
0.029
0.035
0.039
0.045
0.049
0.056
0.061
0.065
0.070
0.070
0.072
0.073
0.073
0.075
0.075
0.075
0.073

43
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.010
0.012
0.015
0.018
0.022
0.026
0.030
0.033
0.036
0.042
0.044
0.046
0.049
0.049
0.049
0.051
0.050
0.050
0.050
0.050
0.049

2

50
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.009
0.010
0.011
0.016
0.020
0.026
0.035
0.044
0.072
0.102
0.124
0.148
0.165
0.182
0.199
0.215
0.233
0.239
0.247
0.257
0.254
0.253
0.254
0.256
0.260
0.260
0.261
0.253

55 62
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.008
0.000 0.010
0.000 0.011
0.000 0.015
0.000 0.023
0.000 0.030
0.008 0.041
0.012 0.049
0.015 0.052
0.030 0.063
0.047 0.070
0.067 0.079
0.115 0.100
0.154 0.118
0.172 0.125
0.190 0.136
0.200 0.142
0.211 0.148
0.223 0.156
0.229 0.160
0.237 0.164
0.236 0.166
0.235 0.167
0.239 0.173
0.234 0.170
0.229 0.170
0.228 0.172
0.227 0.173
0.228 0.176
0.228 0.178
0.227 0.179
0.221 0.175
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69
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.016
0.017
0.018
0.021
0.027
0.034
0.044
0.058
0.070
0.083
0.095
0.104
0.112
0.127
0.141
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The evolution of an ion ensemble produced by 50 eV electron impact on a 1:1 Ar:C4Fg
mixture is shown in figure 16. The fastest reactions are the ion-molecule reaction of Ar

Ar" + C4Fs & Ar + CFs + {Ar, F}
> Ar + C,F;" + {Ar, CF3}

with a branching ratio of approximately 3:2. Although these preliminary measurements
suggest that lighter ions such as CF" produces C4Fs’, double resonance experiments
would be required to isolate these reactive channels. We also observed traces of the C¢F o
and C¢F;" ions at the longest delays. It is intriguing to speculate on whether these ions are
cyclic or aromatic, however their yield is too low (less than 3% after 500 ms at 10 Torr)
to infer much about their bonding. This is one of the few perfluorocarbon cases that we
have studied where products with masses greater than that of the parent neutral have been

observed.
S
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Figure 16. Ion composition following irradiation of a 1:1 mixture of Ar and C,F¢ with 50 eV
electrons

Ion Chemistry of perfluorobutadiene, C4Fs

Dissociative lonization of C,Fg

The most abundant product of electron impact ionization of perfluorobutadiene is the
trifluoropropyl ion C3F;", while the product with the lowest appearance potential is the
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parent C4F¢" molecular ion. A rich melange of dissociated ions are also produced by
electron collisions with C4F¢. A total of 16 dissociative ionization channels have been
identified and can be seen in figure 17 and table 6, below. The higher thresholds, smaller
do/dE values, and lower cross-section magnitudes for dissociative ionization imply that
the undissociated C4Fs" will be the dominant species produced by plasma electrons.
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Figure 17. Partial ionization cross sections of perfluorobutadiene, C,Fg

As can be seen in Figure 18, the total ionization cross section rises to a maximum value
of 1.2 x 10"%cm?, almost five times that of Argon at 200 eV.
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Figure 18. Total ionization cross section for perfluorobutadiene
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Table 6. Partial ionization cross sections of perfluorobutadiene; columns correspond to successive ion

mass/charge ratios, units are 10"° cm

m/e 12 amu
10  0.000
11 0.000
12 0.000
13 0.000
14 0.000
15 0.000
16 0.000
17 0.000
18  0.000
19  0.000
20 0.000
21 0.000
22 0.000
23 0.000
24 0.000
26 0.000
28 0.000
30 0.000
32 0.000
34 0.000
36 0.002
38 0.002
40 0.002
45 0.002
50 0.002
55 0.003
60 0.003
65 0.003
70 0.003
75 0.003
80 0.003
90 0.004

100 0.003
110 0.004
120 0.004
130 0.004
140 0.003
150 0.003
160 0.003
170  0.003
180 0.003
190 0.003
200 0.003

24
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.005
0.006
0.007
0.010
0.013
0.016
0.020
0.022
0.025
0.028
0.029
0.031
0.033
0.033
0.034
0.034
0.033

31
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.007
0.008
0.011
0.020
0.025
0.047
0.089
0.142
0.190
0.225
0.297
0.369
0.443
0.640
0.843
0.969
1.097
1.185
1.270
1.364
1.435
1.519
1.546
1.568
1.631
1.603
1.602
1.605
1.609
1.632
1.627
1.623
1.578

36
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.012
0.014
0.016
0.022
0.029
0.035
0.039
0.045
0.049
0.056
0.061
0.065
0.070
0.070
0.072
0.073
0.073
0.075
0.075
0.075
0.073

43
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.010
0.012
0.015
0.018
0.022
0.026
0.030
0.033
0.036
0.042
0.044
0.046
0.049
0.049
0.049
0.051
0.050
0.050
0.050
0.050
0.049

2

50
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.009
0.010
0.011
0.016
0.020
0.026
0.035
0.044
0.072
0.102
0.124
0.148
0.165
0.182
0.199
0.215
0.233
0.239
0.247
0.257
0.254
0.253
0.254
0.256
0.260
0.260
0.261
0.253

55 62
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.008
0.000 0.010
0.000 0.011
0.000 0.015
0.000 0.023
0.000 0.030
0.008 0.041
0.012 0.049
0.015 0.052
0.030 0.063
0.047 0.070
0.067 0.079
0.115 0.100
0.154 0.118
0.172 0.125
0.190 0.136
0.200 0.142
0.211 0.148
0.223 0.156
0.229 0.160
0.237 0.164
0.236 0.166
0.235 0.167
0.239 0.173
0.234 0.170
0.229 0.170
0.228 0.172
0.227 0.173
0.228 0.176
0.228 0.178
0.227 0.179
0.221 0.175
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Charge Transfer Reactions of C,F;

The evolution of an ion ensemble produced by 50 eV electron impact on a 1:1 Ar:C4F¢
mixture is shown in figure 19. The fastest reactions are the ion-molecule reaction of Ar':

Ar" + C4Fs = Ar + CFs + {Ar, F}
> Ar + C4F;" + {Ar, CF3}

with a branching ratio of approximately 3:2. Although these preliminary measurements
suggest that lighter ions such as CF" produces C4Fs’, double resonance experiments
would be required to isolate these reactive channels. We also observed traces of the CeFo"
and C¢F;" ions at the longest delays. It is intriguing to speculate on whether these ions are
cyclic or aromatic, however their yield is too low (less than 3% after 500 ms at 10 Torr)

to infer much about their bonding. This is one of the few perfluorocarbon cases that we
have studied where products with masses greater than that of the parent neutral have been observed.

0.7
0.6 + |
+
CsFs ;
0.5+ h

lon Fraction

0 50 100 150 200 250 300 350 400 450 500
Delay (ms)

Figure 19. Ion composition following irradiation of a 1:1 mixture of Ar and C,F¢ with 50 eV
electrons

Ion chemistry in pentafluoroethane, C;HFs

Dissociative ionization of pentafluoroethane

The ionization of difluoromethane has been examined by FTMS. The total ionization
cross section peaks at 5.2 x 107 cm?” at 85 eV. As seen in figure 20 below, the CHF," ion
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is the principal species, accounting for about 40% of the ion yield above 30 eV. The
remaining ions include products of C-C, C-H, and C-F bond cleavage, but no parent
molecular ion is observed. Traces of F' are observed, but the cross section for this
channel is less than 10™"® cm? at energies below 200 V.

C,HF, lonization

———————— Total
+
CHF;
NE 10° C,HF,
T} 3 1
‘To .
= CF
s :
o CF
]
@ 10"} ]
S | CF}
3) 2
CHF*
CZFS
10_2 1 1 1

20 40 60 80 100 120 140 160 180 200 220 240
Electron Energy (eV)

Figure 20. Partial ionization cross-sections of C,HF5

The BEB estimate for ionization of pentafluoroethane represents the slope of the cross
section near threshold with good agreement, but the peak value of 7.5 x 10™'%cm? is
substantially higher than the experimental cross section of 4.2 x 10" °cm®.
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C,HF5 lonization
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Figure 21. BEB estimate of total ioniztion cross section for pentafluoroethane

Charge transfer chemistry in C,HF5

The principal fate of an ion ensemble that contains Ar and C,HFs is net abstraction of F°
by Ar' to produce C,HF,". At longer times, however, traces of water vapor provide a
rich mixture of oxygen bearing ionic products. As can be seen in 19 below, 15% of the
ion composition contains oxygen after half a second at 10 Torr total pressure. The
overall reaction that is most likely to be responsible for CO bond formation is shown in
figure 23:

C;HF," + H,0 = CHF,0" + 2HF
The thermodynamic driving force for reactions of this type is HF bond formation, and the

mechanism seems general for several of the hydrofluorocarbon cations, as outlined in for
the fate of heptafluoropropyl cations (produced from perfluoropropane) in figure 24.
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Ar.C,HF5 Reactions
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Figure 22. Relaxation of ion composition in a mixture of pentafluoroethane and argon. The
background pressure of water vapor is approximately 6 x 10® Torr

H add H,0
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F
C,HF,*
@)
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F \\\\\‘l' F
C,HF,0*

Figure 23. Outline of chemical mechanism for production of C,HF,0"

-29 -



add H,0
H

lose HF

lose HF

lose HF

C,F;0," C,F,O,H*

Figure 24. Outline of mechanism for production of other oxygen bearing hydrofluorocarbons from
C;F;" produced by perfluoropropane. The overall reaction is

C3F7t +2H0 ¢ C3F302T + 4 HF
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Ion chemistry of 1,1,1,2 tetrafluoroethane, C;H,F4
Dissociative ionization of C;H,F,

Ten ion species, including the parent C,H,F," and F ions, are produced by electron
impact on 1,1,1,2 tetrafluoroethane.

CH.F" +
1 L 2 = C,H,F, 1
3 +
NE CF
5 P . HCF
5 Fas +
2 10" IchET
+
5 — C,HF
© P
$ l C,H,F,
CF,
S 107k .

20 40 60 80 100 120 140 160 180
Electron Energy (eV)

Figure 25. Ionization of 1,1,1,2 tetrafluoroethane by electron impact

The BEB model overestimates the total ionization cross section but has a plausible
energy dependence near threshold, as may be sen in figure 26.
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Figure 26. Total ionization cross section of 1,1,1,2 tetrafluoroethane by the BEB model (solid line)
and from FTMS measurements (diamonds)

Charge transfer reactions of C,H,F,
The principal reaction following irradiation of an argon:tetrafluoroethane mixture is net
abstraction of an F~ to produce C,H,F;":
Art + C2H2F4 9 C2H2F3+ + {AT,F}
Net abstraction of H™ also occurs, but at a rate that is 100 times slower:

AI'++C2H2F4 9 CZHF4+ + {Ar,H}

Although no clusters with more than two carbons were observed to form, reaction with
background water vapor (P<10® Torr) appears to protonate the latter according to the
reactions:

CzH2F3Jr + H,O = H3O+ + {C2F3} and

CH,F". + H,0 = H;0 + {CHF}

A less prominent reaction of water that was found in pentafluoroethane ion chemistry is
observed in figure 27:
H,O + CHF," & C,HF,0" + 2HF,

as is a similar hydration reaction with CF3"

H,O + CF;" = CHF,0O" + HF.
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Binary Encounter Bethe estimates of fragmentation in C,F¢

There are, on statistical grounds, 21 possible ion species that might be formed by
dissociative ionization of perfluoroethane. Of these, several are unlikely (Fs" for
example). On chemical grounds I think that the following 14 possible stoichiometries
remain plausible:

F, F5, C, CF, CF,, CF3, CF4, C,, CoF, CoF,, CoF3, CoFy, CoFs, CoFe.

Of these possible fragments only four are observed to form by electron impact: CF,",
CF’, C;Fs', and CF3'.

Why? There are, it turns out, molecular orbitals with four distinct symmetries in the
electronic structure of perfluoroethane: e,, €., a5, and a,. When I sum the contributions to
the BEB cross-section for each symmetry I get the results shown in the figure 28 below:

CZFG ionization
9 T T T T T

Total (th)

107"6cm?

0
10 20 30 40 50 60 70

Figure 28. BEB cross-sections for C,Fg ionization summed by orbital symmetry
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Theoretical values are shown as solid lines. Note that the doubly degenerate contributions
have about the same magnitude, arguably the CF; and C,Fs fragments are produced in
roughly equal yield. The singly degenerate orbitals make smaller contributions in rough
proportion to the observed cross-sections for CF" (ag) and CF," (ay).

The results at left were computed using Carl’s RHF 6-311+g* GAMESS results. I tried
the same thing using the HF potential and kinetic energies posted by Kim on the nist web
site. The energies are compared in the table 7 below.

Similar results are obtained for the partial ionization cross-sections using the Kim orbital
energies (figure 29).The extent to which these orbital energies are ‘tweaked’ is not
discussed in the web page, so the apparent qualitative agreement between Carl’s and
Kim’s numbers is quite good, with the same ordering and relative importance computed
for contributions from each orbital symmetry.

Table 7. Summary of orbital potential (U) and Kinetic (T) energies (eV) for perfluoroethane from
Kim (http://physlab.nist.gov/cgi-bin/lonization) and Carl Winstead

Symmetry U (Kim) T (Kim) # of electrons U(Carl) T(Carl)
1EG 717.05 1013.49 4 717.93 1013.44
1EU 717.05 1013.50 4 717.93 1013.44
1A2U 717.05 1013.51 2 717.93 1013.44
1A1G 717.05 1013.53 2 717.93 1013.44
2A1G 314.56 436.28 2 314.75 436.57
2A2U 314.55 436.53 2 314.73 436.57
3AI1G 48.90 88.82 2 48.92 88.10
3A2U 48.16 94.16 2 48.22 93.65
2EU 46.05 103.39 4 46.01 103.58
2EG 45.60 107.04 4 45.72 106.25
4A1G 29.74 69.84 2 30.04 69.42
4A2U 26.56 83.75 2 26.73 83.50
SAI1G 24.98 65.27 2 24.99 66.40
3EU 24.12 74.26 4 24.21 74.92
3EG 23.17 78.30 4 23.37 77.47
5A2U 20.68 84.03 2 21.03 83.76
4EG 20.86 82.12 4 20.49 85.43
4EU 19.82 87.85 4 20.43 86.26
SEU 18.40 88.57 4 19.49 8<9.53
SEG 16.36 94.04 4 18.98 94.15
6A1G 17.56 95.50 2 18.68 95.98
6A2U 17.39 93.54 2 18.68 95.98
7A1G 14.48 79.89 2 16.43 81.75
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Figure 29. Cross-sections using Kim orbital energies. Legend is identical to that of figure 28

Summing orbital contributions to the BEB cross section of SiF4:gives four contributions
as shown below in figure 30:

Sum

0 50 100 150 200
eV

Figure 30. Contributions to BEB ionization cross section of silicon tetrafluoride from orbitals of each
symmetry
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Below 200 eV the numbers of electrons in each symmetry are (A; 6), (E 4), (T; 6), and
(T, 24).. There does not appear to be a correlation between the occupancy in each
symmetry and the relative cross-sections. At first glance the quantitative disparity
between the largest and next largest partial ionization cross-section is greater
(experimentally) than that inferred from the t2-t1 disparity shown above.

Symmetry summed contributions to the BEB cross section for CH,F;:are shown below.
The electron count below 80 eV by symmetry is (al, 8), (a2, 2), (b1,6), and (b2,4). Again,
there is no obvious correlation between the electron count and the peak cross-sections.
The difference between Carl Winstead’s latest HF wavefunctions and the earlier values is
insignificant.

CH2F2
10—16 |
N
e
o
10"
10'18 1 1 1 1 1 1
10 ’ 20 30 40 50 60 70 80
eV

Figure 31. Contributions from each orbital symmetry to the BEB ionization cross section of
difluoromethane. Circles are experimental values for each of the six fragment channels

Circles show the experimental cross-sections. Note that six fragments are observed,
though only four distinct symmetries are possible for the MO’s. Also, the cross-sections’
cross-overs ~20 eV is not reproduced by the symmetry-summed contributions.
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Appendix A: Ion Chemistry in trifluoromethyl bromide and iodode:

A Comparison of Ion Chemistries of CF3;Br and CF;l

C.Q. Jiao®, B. Ganguly®, C.A. DeJoseph Jr.*, A. Garscadden™’

* Mobium Enterprises, Inc., 5100 Springfield Pike, Dayton, OH 45431-1231, USA
® Air Force Research Laboratory, Wright-Patterson AFB, OH 45433-7251, USA
(December 15, 2000)

Abstract

A comparison of the electron impact ionization and ion-molecule reactions of CF3;Br vs.
CF;l is made by studying the two compounds using Fourier-transform mass
spectrometry. The ionization of the two compounds over the energy range from threshold
to 70 eV produces primarily the molecular ion and 6 fragment ions, with the dominant
ion from CF3Br being CF;" and, from CFI, CF;I". The total cross-sections at 70 eV are
8.3+0.8 and 9.0+0.9 x107'% cm? for CF5Br and CFsl, respectively. The ion-molecule
reactions in the two compounds are similar, with CF" and X" (X = Br or I) being the most
reactive ions (k ~ 8 - 13 x10™'% cm’s™). Ar" reactions with the two compounds are also
studied. Results of our study on the ion kinetics are compared with those from previous
studies by other groups.
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I. Introduction

CF;Br had been widely used as a fire suppressant in the past fifty years and as an
etching gas in many plasma applications. Now its uses are greatly restricted by law
because of its significant contribution to stratospheric ozone depletion due to its long
lifetime in the troposphere and its ready photodissociation by short wavelength ultraviolet
light in the stratosphere. In the search for halon alternatives during the past years, CFsl
has become a leading replacement agent, in either the fire suppression or plasma assisted
fabrication applications.'® A comparison of the chemistries of these two compounds, in
terms of ionic as well as neutral processes, and in terms of gas-phase collisions as well as
surface interactions, is therefore of interest and importance. There is a limited amount of
information about the basic physical/chemical mechanisms of the two compounds’
applications. In the fire suppression by CF;Br the chemical effectiveness is considered to
be mainly due to Br radicals.” In the etching of SiO, using CF1, it is reported that while
CF; radicals are the main gas precursors for deposition of the fluoropolymer that is useful
to protect any adjacent Si, ions including CF3" are important in the reactive ion etching of
Si0,.’

This paper presents cross-sections of the electron impact ionization of CF;Br and
CFsl, and the kinetics of gas-phase reactions between the ions derived from the two
compounds and the parent molecules. Although the ionization cross-sections of the two
compounds are reported for the first time, the gas-phase ion-molecule reactions, of CF;l
in particular, have been an object of several studies by different groups in the past
decades.*!! However, there are numerous differences among the results reported from
different groups. Some of these differences have been explained by the different
experimental methods in which ions are formed and reacted under varied conditions
resulting in various internal-state distributions of ions and reaction mechanisms.”'" In our
study the experimental technique differs from the others in either (1) the gas pressure is
low (107 Torr) so only bimolecular processes are important, or (2) the reactant ions to be
studied are isolated from each other so the reactant-product relationship and the product
branching ratios can be determined less ambiguously. On the other hand, our rates are for
the ions as formed by electron impact or from charge transfer. The ions are nascent and
have energy distributions that are relevant to plasma processing models.

I1. Experimental

All experiments are performed on a modified Extrel Fourier-transform mass spectrometer
(FTMS) equipped with a cubic ion cyclotron resonance trapping cell (5 cm on a side) and
a 2 T superconducting magnet.'* The theory and methodology of FTMS have been well
documented in the literature.""* Typically, CF3Br (99%, GL Service) or CFsI (99%,
Aldrich) is mixed with argon (99.999%, Matheson Research Grade) with a ratio about 1:1
to a total pressure of ~800 Torr, as determined by capacitance manometry. The mixture is
admitted through a precision leak valve into the FTMS system. lons are formed by
electron impact in the trapping cell at pressures in the 107 Torr range. An electron gun
(Kimball Physics ELG2, Wilton, NH) irradiates the cell with a few hundred
picocoulombs of low-energy electrons. The motion of the ions is constrained radially by
the superconducting magnetic field and axially by an electrostatic potential (1 V) applied
to the trap faces that are perpendicular to the magnetic field. lons of all mass-to-charge
ratios are simultaneously and coherently excited into cyclotron orbits using Stored
Waveform Inverse Fourier Transform (SWIFT)'®'® applied to two opposing trap faces
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which are parallel to the magnetic field. Following cyclotron excitation, the image
currents induced on the two remaining faces of the trap are amplified, digitized and
Fourier analyzed to yield a mass spectrum. In some experiments ions are selected using
SWIFT'® for further kinetic studies.

The integrated peak intensities, which are proportional to the number of ions in
the trapping cell,'” are used to establish the cross sections, as described previously.'*"
The intensity ratios of the ions from CF3Br (or CF3I) to Ar' give cross sections relative to
those for argon ionization? since the pressure ratio of CF3Br (or CF3]) to Ar is known.
As a cross check, and for ion molecule kinetic analyses, the gas pressure is calibrated
using accumulated gas pulses from a pulsed valve and a spinning rotor friction gauge
(MKS Instruments model SRG2, Burlington, MA) with the vacuum chamber sealed off
from the pumps. The electron current is collected on a Faraday cup and recorded with a
digital oscilloscope after passage of the electron beam through the ion trap. The
quantitative relationship between the image current and the number of ions is based on an
analysis of the image currents induced on the detection plates of the cubic ICR cell. This
analysis, is similar to those described in the literature.'

ITI. Results and Discussion
IIIa. Electron impact ionization

Electron impact ionization on CF;Br at energies from threshold to 70 eV produces
molecular ions and 6 fragment ions, with a total ionization cross-section reaching 8.3+0.8
x 107° cm?” at 70 eV. Cross-sections for each partial ionization channel are shown in
Figure 1. Trace amounts of CFBr” and F" (not shown in the figure) have been observed
but the cross-sections are less than 10™'* cm” CF3" is the most abundant ion in the energy
range studied. The appearance potentials of CF3" (from CF3Br) and CF;Br" are rather
close, being 12.2 and 12.3 eV, respectively, and the Jahn-Teller distortion effect results
in an increased probability of the molecular ion dissociating to form CF;", which makes
CF;Br’ less abundant than CF;" even at energies near threshold. At energies above 15
eV, a second dissociation channel forming CF,Br" becomes available. In brief, the
neutral radicals produced by the electron impact ionization at energies from the threshold
to 20 eV are expected to be primarily Br and, secondly, F atoms, as they are the counter
partners of the ionic product CF;" and CF,Br", respectively.

Electron impact ionization on CF;l produces a similar set of ions corresponding to
those from CF;Br, but the relative order of the ion abundances is different. Figure 2
presents the partial ionization cross-sections of CF;l, showing that the molecular ion
CF;I" dominates over the whole energy range. Compared to CF3Br, the ionization
threshold is lower and the total ionization cross-section is slightly greater, reaching
9.0+0.9 x 107'° cm? at 70 eV. The most abundant fragment ion at energies below 20 eV is
still CF;", followed by I" and CF,I", and therefore the corresponding neutral radical
products are I, CF; and F, in the order of decreasing importance. CF;" and I" appear to be
the products of two competing dissociation channels via the cleavage of CF3-I bond in the
molecular ion. At energies near threshold, CF3" prevails because it has a lower ionization
potential than I",** complying with Stevenson’s rule that states that the positive charge
will remain on the fragment of lower ionization potential.® Data in Figure 2 show that in
the higher energy range, I has greater intensities than CF3", which may be due to the
formation of I'" by more extensive fragmentation of the molecule rather than a simple
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CFs-1 bond cleavage, and therefore it is implied that as the collisional energy increases,
the neutral partner of the I" product may not be simply CF;.

ITIb. Gas-phase ion-molecule reactions

Table 1 presents the kinetics of the reactions of ions derived from CF;Br or CF;l
with their parent molecules (CBr" and CI" are not included because they have too small
intensities to be studied), which are compared with the results from other studies. Also
included in the table are Ar' reactions with the two compounds. The reactant ions are
generated by 50 eV electron impact ionization on a mixture of CF;Br or CF;I with Ar.
Each of the reactant ions is separated from the others by rf excitation to eject all of the
unwanted ions out of the trapping cell, followed by a varying reaction time to study the
reaction kinetics of the selected ion. The rate coefficients listed in the table are accurate
to within +20%, based on the uncertainty in the pressure measurements. The relative rate
coefficients are more accurate, however, with the uncertainties estimated to be +10%.
The ion chemistries in both of the compounds are similar: CF," and X (X = Br or I) are
the most reactive ions, CF" and CF;" are relatively less reactive, and CF,X" and CF;X"
are basically unreactive. We noted that a small portion of CF3Br" undergoes collision-
induced dissociation yielding CF3", due to the internally energetic ions that have
sufficient energy to permit bond-breaking. After CF3Br" is trapped for 0.3 s under the gas
pressure of ~10” Torr, no more reaction producing CF;" is observed, because the
CF;Br* excited ion population has been reduced to a negligible amount by a
combination of reactive collisions and collisional/radiative quenching. In table 1, the
reactions of CF;" have the lowest reaction rates. It was found that semilogarithmic plots
of the CF;" reactions show a linear CF3" decay up to 0.5 s reaction time when about 30%
of CF;" has been consumed. At longer reaction time CF;" is found to continue reacting
but the data at that time were not used to define the reaction rate because, at these long
times, the ion signal has been reduced to a value too small to be quantitatively
meaningful. There is a slow loss of ions due to collisional diffusion across the magnetic
field."” The CF;" reactions, however, are believed to be caused by the excited state(s) of
the ion, as suggested by the endothermicities of the following reaction equation that are
calculated using the heats of formation of the ground state ions:

CF;" +CFsX > CF.X' + CFy.
The reaction heats are 26.2 and 16.1 kJ/mol for X = Br and I, respectively, based on the
thermochemical data from reference 24. If the heat of formation for CF;" is taken to be
the recently published values, 360.8 kJ/mol * or 407.5 kJ/mol *®, the endothermicities are
even greater. Other equations for the CF3' reaction (i.e., in which different neutral
products are formed) are possible but they are more endothermic than the above equation.
We have experimental evidence, as mentioned below, suggesting that at least ground
state CF;" is unreactive. The CF;" reactivities given above suggest that long-lived excited
state(s) of CF3" having a rather low collisional quenching rate are formed by the electron
impact ionization of CF;Br or CF;l.

The difference among the results from different studies shown in Table 1, in terms
of the reaction rates and product branching ratios, are believed to be mainly due to
different experimental conditions that result in different ion internal energies and/or ion-
molecule reaction mechanisms. At the pressure of ~107 Torr the reactant ions generated
from the electron impact ionization do not experience enough collisions to be thermalized
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before being reacted with their parent molecules. A comparison of our results with Morris
et al.’s SIFDT (Selected Ion Flow Drift Tube) experiments in Table 1 appears to
demonstrate that the reactant ions in our experiments have some population of excited
states. CF" and CF;" are shown in Morris et al.’s study to have significant negative
temperature-dependences of reaction rates,'® which may be the explanation of lower
reaction rates we observed because of the more energetic ions. In our experiments, we
also observed that as a function of the reaction time the product percentage of CF3"
decreases and the percentage of CF,X " increases. Although the changes of the
percentages may be partly due to the secondary reaction of CF;" as discussed later, it may
be that the branching ratios of the reactions forming CF;" and CF,X" change as functions
of the reaction time because of the reactant ions are being thermalized. The thermalized
reactant ions may have the reaction branching ratios more or less in line with Motris e?
al.’s data. Secondary reactions have been observed for some ions. For example, I" reacts
with CF;l to yield CF;" among other products, which, when isolated from other ions and
allowed to collide with CFsl, is found to react producing CF,I". However, CF;" derived
from the Ar’ reactions with CF;X is not found to undergo secondary reactions with
CFsX, which may be an indicator that at least ground state CF;" is unreactive with CF;X.

The most significant differences between the SIFDT results and our FTMS results
are the reactions of CF," with CF3Br. While we observed a significant fraction of the
molecular ion CF3Br, none was reported in Morris ef al.’s study. The explanation may
be that under their experimental conditions either this ions is not formed or the ion is very
weakly bound and is collisionally dissociated. The situation in the reaction of CF," with
CFsl appears similar but with the evidence that the molecular ion is formed and being
detected in both experiments. The branching ratio of CF;1" reported in the FTMS
experiments equals to the sum of the branching ratios of CFsI" and CF;" reported in the
SIFDT experiments, again raising the possibility of collision dissociation of the
molecular ion.

The behaviors of the unreactive ions CF,X" and CF3X" when they are kinetically
excited have been studied. CF2X+* ions are still not very reactive at a kinetic excitation
energy range of 5-25 eV (laboratory-frame), producing only an insignificant amount of
CF;". At 50 eV kinetic excitation energy,

CFE,Br™" + CF;Br > CF'(8%), CF,"(26%), CF;'(44%), Br'(5%), CFsBr'(17%);

CF,I™ + CFsl © CF'(3%), CF3'(354%), I'(18%), CFsI'(44%).

In the above equations only the ionic products are listed, with the branching ratios shown
in the parentheses. In the reaction of CF,Br", the channel of producing Br" is identified to
be a collision-induced dissociation while the channel of producing CF3Br" is via a
charge-transfer mechanism, as determined by the isotopic pattern of the product ions.
Kinetically excited CF;X"" (made in our experiment by rf exciting the ion after its
selection) undergoes reactions more readily, producing exclusively CF;" in the energy
range of 5-50 eV.

IV. Summary

Absolute ionization cross-sections have been measured for CF;Br and CF;l
Electron impact ionization on CF;Br or CF;I produces primarily the molecular ion and 6
fragment ions with a total ionization cross-section at 70 eV of 8.3+0.8 or 9.0+0.9 x107'®
cm’, respectively. In CF3Br, CF;" is the principal ion over the energy range from
threshold to 70 eV, while in CF;l, the molecular ion CF5I" is the most abundant. At low

-42 -



electron energies (from threshold to 20 eV), which are most relevant to processing
plasmas, the most important dissociative ionization channel is the production of CF3" and
X radical (X=Br or I) for both compounds. Other less important dissociative ionization
processes at these low energies include the formation of CF,X" and F radical. Among the
ions derived from the ionization of the two compounds, CF ,"and X" are found to be the
most reactive ions, while CF' and CF5" are relatively less reactive, and CF;X" and CF,X"
are basically unreactive. CF;" reactions are believed to be caused by the hard-to-quench
long-lived excited state(s) of CF3". Some of the product ions from the primary ion-
molecule reactions undergo further reactions with the neutral molecules, forming mainly
CF,X". In summary, the electron impact ionization on these two compounds produces the
same set of ions, with slightly lower threshold and higher cross-section for the total
ionization of CF3;I compared to CF;Br. The ion-molecule reactions in these two
compounds are similar, the differences including the additional minor products in CF;l
reactions.
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Table 1. Rate coefficients (k, in 10" cm?/s) and ionic products (branching ratios shown
in the parentheses) of the gas-phase reaction between the ions derived from CF;Br and
CF;I with their parent molecules. The reactions of Ar” with these compounds are also
included. In this work the reactant ions have not been thermalized prior to their reactions.

Reactant Hsieh Berman and  Morris
ions etal® Beauchamp’  er al.'"" This work
With CF;Br
CF* k=12 k=32
CF,Br' (100) CF;' (30)
CF,Br" (70)
CF," k=12 k=99
CF;" (22) CF;" (39)
CF,Br' (78)  CF,Br’ (20)
CF;Br' (45)
CF;" k=423 k=081
CF,Br’ (100) CF,Br' (100)
Br' k=928
CF;" (50)
CF;Br' (50)
Ar’ k=13 k=11
CF;" (25) CF;" (20)
CF,Br' (75)  CF,Br' (80)
With CF;I
CF* k=16 k=58
CF,I" (100)  CF;' (35)
CF,I" (65)
CF," k=14 k=13
CF,I" (24) CF;" (30)
CFI" (76) CF;I" (70)
CF;" k=4.8 k=2.5 k=8.7 k=1.9
CF,I" (100) CF,I"(68)  CF.I"(100)  CF.I" (100)
CFsl" (32)
I k=174 k=29 k=87 k=82
CF;" (47) CF;I" (72)  CF;' (63) CF;' (20)
CF;I" (53) L, (28) CF,I" (5) CF,I" (5)
CFI" (26) CF;I" (70)
L' (6) L' (5)
Ar' k=16 k=14
CF;' (11) CF;' (7)
CF,I" (68) CF,I" (90)
1" (20) I'(3)
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Figure 1. Cross-sections for electron impact ionization of CF;Br.
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Figure 2. Cross-sections for electron impact ionization of CFsl.
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Appendix B Mass Spectrometry of n-Octane

A Mass Spectrometry Study of n-Octane:
Electron Impact Ionization and Ion-Molecule Reactions

C.Q. Jiao®, C.A. DeJoseph Jr.°, A. Garscadden™
* Mobium Enterprises, Inc., 5100 Springfield Pike, Dayton, OH 45431-1231, USA
® Air Force Research Laboratory, Wright-Patterson AFB, OH 45433-7251, USA

(September 24, 2000)

Abstract

Electron impact ionization of n-octane over an energy range of 10-70 eV and the
subsequent ion-molecule reactions with the parent molecule have been studied using
Fourier-transform mass spectrometry. Molecular ion and fragment ions C;"-Cs are
produced from the electron impact with a total ionization cross section of 1.4+0.2 x 10"
cm” between 60-70 eV. C3H; " is the most abundant ion at most of the ionizing energies
with the exception for E <16 eV where CsH; 5 and C¢Hj, ™ are the most abundant. Among
the fragment ions only C4H;" and smaller ions react readily with the parent molecule,
producing primarily CsH;," and C4Ho", with rate coefficients of 0.32 - 2.4 x 10” cm’s ™.
Essentially all of the ions, including the molecular ion and the large fragment ions,
undergo decomposition upon collision with neutral molecules after they are kinetically
excited to an energy range of 1-5 eV, forming a variety of small hydrocarbon ions. Many
of the decomposition product ions in turn are capable of further reacting with n-octane.
Isotope reagents have been utilized in experiments to probe the type of the ion-molecule
reactions studied.
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1. Introduction

The role played by the charged particle collisions in combustion and ignition has
been reevaluated recently.' Because ion-molecule reactions are typically 100 times faster
than the neutral particle reactions, they are considered to be capable of enhancing the rate
of combustion or ignition by breaking chemical bonds, creating radicals, and speeding up
the first and slowest step in the combustion reaction. The reactions of selected ions
including N»", O,", N*, 0", NO", and H;0" with n-octane and iso-octane have been
recently studied by Arnold ez al.>® While N,*, 0., N*, and O™ react at collision rates via
charge transfer, NO" and H;O" react primarily via hydride-abstraction and proton
transfer, respectively, with relatively slow rates. The products of these ion-molecule
reactions are found to be the types of radicals that would result from a conventional
combustion initiation step involving thermal decomposition of alkanes at higher
temperature.

In this paper we report on our study using Fourier-transform mass spectrometry
on the electron impact ionization and ion chemistries of n-octane. The ion chemistries
under study are the reactions of the ions from n-octane with the parent molecule at
pressures of 107 Torr so that the two-body collision kinetics only are measured. To
further estimate the contribution of the ion chemistries to the ignition process, we are
probing the possibility of ion recycling in which the reactant ions are regenerated
enabling the ionic chain reaction to be continued. Our study finds that only the small
fragment ions react at thermal energy with n-octane to form larger ions that mostly are
unreactive with n-octane. Therefore, one possible way to regenerate the reactive ions is to
kinetically excite the larger ions and have them undergo collisions with neutral target
molecules yielding small fragment ions. Our preliminary results of this aspect will be
discussed. To probe the mechanism of ion-molecule reactions, isotope reagents, n-CsH;s
and n-CgDy3, are used in experiments in which the isotope product distribution and the
kinetic isotope effects are measured.

The data presented here provide some basic data for the modeling of spark
ignition. The simulation of spark ignition is often separated into two parts: breakdown
phase and glow phase. For the breakdown phase, the majority of simulations use a fluid
model that is computationally easy but without consideration of the details of the electron
and ion kinetics.*’ With the advent of more powerful computers, breakdown simulations
using kinetic models that make use of knowledge of the ionization cross sections are
becoming more popular,®!. For the glow phase, most of the simulation work involves
only the neutral particle reaction scheme.'*"® This is probably not adequate because at the
early stages of expansion of the ionized kernel in spark ignition, the concentration of ions
relative to the neutral radicals is significant. In recent years, at least two simulation works
that use mechanisms involving the ion-molecule reactions have been reported.'**

2. Experimental

All experiments are performed on a modified Extrel Fourier-transform mass
spectrometer (FTMS) equipped with a cubic ion cyclotron resonance trapping cell (5 cm
on a side) and a 2 T superconducting magnet.*' Typically, octane (99+%, Aldrich) is
mixed with argon (99.999%, Matheson Research Grade) with a ratio about 1:1 to a total
pressure of ~2 Torr, as determined by capacitance manometry. For the isotope reagent
experiments, octane-d;g (98+% atom % D, Aldrich) is mixed with octane and argon with

-49 -



aratio of ~1:1:2. The mixture is admitted through a precision leak valve into the FTMS
system. Ions are formed by electron impact in the trapping cell at pressures in the 107
Torr range. An electron gun (Kimball Physics ELG2, Wilton, NH) irradiates the cell with
a few hundred picocoulombs of low-energy electrons. The motion of the ions is
constrained radially by the superconducting magnetic field and axially by an electrostatic
potential (1 V) applied to the trap faces that are perpendicular to the magnetic field. Ions
of all mass-to-charge ratios are simultaneously and coherently excited into cyclotron
orbits using a stored waveform®** applied to two opposing trap faces which are parallel
to the magnetic field. Following cyclotron excitation, the image currents induced on the
two remaining faces of the trap are amplified, digitized and Fourier analyzed to yield a
mass spectrum.

The calculation of cross sections from the mass spectrum intensities requires
knowledge of the gas densities, the electron beam current and the number of ions
produced. These calibration issues have been described previously.?'* The intensity
ratios of the ions from octane to Ar' give cross sections relative to those for argon
ionization® since the pressure ratio of Ar to octane is known. As a cross check, and for
ion molecule kinetic analyses, the gas pressure is calibrated using a pulsed valve and a
spinning rotor friction gauge (MKS Instruments model SRG2, Burlington, MA) with the
vacuum chamber sealed off from the pumps. After passage of the electron beam through
the ion trap, electron current is collected on a Faraday cup and recorded with a digital
oscilloscope. The quantitative relationship between the image current and the number of
ions is based on a lengthy, but elementary, solution of Maxwell’s equations for the cubic
ICR cell. This is required to quantify both excitation of the ions and detection of the
resulting image current.”'

The technique of collision-induced dissociation (CID) in FTMS has been
described previously.*® The ion to be studied is first isolated using a stored waveform and
then excited by another waveform to a larger orbit, increasing its kinetic energy. By
varying the radius of the orbit (typically 0.1 — 1.0 cm radius), the kinetic energy can be
varied from a fraction of an eV to a few hundred eV. This excitation to higher energy
typically takes place in a time short compared to the collision time with the neutral
background gas. In a subsequent collision with a neutral gas molecule, part of the kinetic
energy may be converted to internal energy (which may lead to dissociation) or the ion
may simply be cooled by elastic scattering. Because the ion may undergo several
collisions before it dissociates, the kinetic energy the ion possesses when dissociation
occurs is not well defined. Only the maximum kinetic energy can be specified for CID
experiments with the FTMS.

3. Results and Discussion

Electron impact ionization cross sections of n-octane over an energy range of 10-
70 eV are shown in Figure 1-4. As the electron impact energy is increased, the total
ionization cross section rises dramatically near threshold (12-20 eV) and levels off at ~60
eV with a value of 1.4+0.2 x 10™° cm?. A significant amount of the molecular ion is
observed, and fragment ions range from C, to Cs" with the complete absence of C;". As
demonstrated in a previous study by MacColl,”” when the linear hydrocarbon molecules
become larger, the amounts of fragment ions M-1 and M-15 become vanishingly smaller,
which is a characteristic cracking pattern for the normal alkanes.” Table 1 lists the
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absolute and relative cross sections of these ions at 20, 50 and 70 eV. At these energies
C;H-" is the most abundant ion, and in each group of C, ions CoHops " is always the
major ion. These features generally hold true at all energies except for E < 16 eV where
C3H; " is less than C¢H;3" and, for C4 near their thresholds, C,Ha, ™ are slightly more
intense than C,Hay,+; . All of the fragment ions are formed by the fragmentation of the
molecular ion via (1) primary decomposition (i.e., decomposition directly from the
molecular ion), or (2) successive decomposition (i.e., subsequent decomposition from the
daughter ions). The fragmentation can be (1) a simple C-C bond cleavage, or (2)
accompanied by atom rearrangement. The fact that the C;" ion is absent suggests that the
formation of C¢H;5" or C¢Hy,™ from n-octane is a primary process,
CsHisw > CeHis" + CoHs 1
C6H12+ + C,Hg . 2
While reaction 1 is a simple C-C bond split process, reaction 2 is via a H-atom
rearrangement before or during the C-C bond cleavage. It should be pointed out that it is
possible for the H-atom rearrangement to occur after the C-C bond cleavage in both
reactions 1 and 2, yielding a more stable ion isomer(s). It has been generally observed
that, compared to the simple single-bond cleavage, the bond cleavage with rearrangement
has a relatively small activation energy and frequency factor.” The data for C¢H;,™ and
CeHy5  in figure 4 exhibit this characteristic: the CeHy2" cross section has a lower onset
energy but rises relatively slowly, while the C¢H; 5" cross section has a higher onset
energy but rises faster. The formation of CsH; " vs. CsHyo" and C4Hy" vs. C4Hg ' near
their thresholds exhibit similar trends and the following fragmentation processes at low
ionizing energies are implied:
C8H18+ > C5H11+ + C3;Hy
CsHyo~ + C3Hg
C4HgJr + C4Ho
C4Hg" + C4Hyo. 6
In the literature, two studies using labeled compounds suggested that C¢H,3", CsH;; " and
C4Ho" are formed from octane chiefly by primary processes’° and that these primary
processes are via a simple C-C bond split.*' In summary, we believe that the major
neutral fragments produced from the electron impact ionization at low energies (i.e., < 16
eV) are C,Hs and C,Hg; in addition, relatively small amounts of CsH7, C3Hg, C4Ho, and
C4H;; are present. As electron energy increases, successive decomposition increases
resulting in complex fragmentation paths, which makes deducing the neutral fragments
more difficult.
Among the ions generated from the electron impact ionization of n-octane, only
C4H;" and smaller ions undergo gas-phase reactions with n-octane molecule under the
condition of 107 Torr gas pressures. The reaction kinetics for some selected reactive ions
that have ionization cross sections greater than 10™'7 cm? at 50 eV are studied and the
results are shown in table 2. The reactant ions are not thermalized prior to the reactions
and therefore may have higher internal energies, which have effect on the reaction
kinetics as discussed later. As nin C," gets smaller, the reaction rate increases and a
greater variety of product ions is generated. The major product ions are CsH;;" and
C4Hy'. Relatively small amounts of C;H;" and C;Hs " are also produced from small Ca',
and these two product ions can undergo secondary reactions with n-octane to finally form
CsH,;" and C4Hy " that are unreactive with n-octane. The reactions in table 2 proceed
through one or more of the following mechanisms that have been proposed in the

n A W
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literature for ion-molecule reactions involving paraffin molecules: oxidative-insertion-
complex formation, charge-transfer, H"-abstraction, or alkide(R)-abstraction. To probe
the reaction mechanisms, different ions from n-octane are isolated and allowed to react
individually with n-CsH,g and, in another separate experiment, with a mixture of n-CgH s
and n-CgDg (1:1 ratio). No isotope exchange between the reactant ion and n-octane has
been observed for all of the reactions in table 2. For example, when C;H; " reacts with
[CsHyg CsDig], only CsHy; ", CsDyy ", C4Ho™ and C4Dy " are detected. No mixed-isotope
ions, such as CsHD,," or C4HDy', are present. This finding appears to exclude the
possibility of an oxidative-insertion-complex formation mechanism and a H"’-abstraction
mechanism; with these mechanisms the isotope in the reactant ions should have been
more or less retained in the product ions. A charge-transfer mechanism is also unlikely
based on the fact that many reactant ions have lower ionization potentials than the
appearance potentials of the product ions by a few eV, which means that the reactions in
table 2 would have been rather endothermic if they were via the charge-transfer
mechanism. For example, C,H;" reacting with n-octane via charge-transfer to produce
CsH;," and C4Hy" would be endothermic by 3.0 and 2.8 eV, respectively.32 Therefore,
only the hydride- and alkide- abstractions are left as candidates for the possible reaction
mechanisms. Some decades ago two studies of the chemical ionization on Cg and Cj
paraffins using CHy, respectively, found the M-1 ion (M represents molecular mass) to be
the most abundant ion from the ion-molecule reactions.*>** It was suggested that C,Hs"
generated from CHy acted as H™ abstractor to produce the M-1 ion from Cg or Cj
molecules, and the M-1 ion underwent further decomposition to form smaller fragment
ions. In another study in the 1970s’ Lias et a/ 35 demonstrated that C,Hs" and C3H;" react
with n-alkanes, including n-octane, exclusively via hydride transfer to produce M-1 ions.
The reaction rate of C3H; " reported in that study, roughly equal to the collision rate, is
about twice as large as what we observed. The differences between the experimental
results from the studies mentioned above and ours in table 2 may be due to different
energy content in the reactant ions. One may argue that because in our experiments C;H;"
is hot, it may react with n-CgHg via hydride-transfer followed by dissociation to produce
partially C;H; " itself, making the apparent reaction rate smaller. In the isotope reagent
experiments mentioned earlier, we do not find C;D;" to be produced from the reaction of
C3;H;" with n-CgD1g, which excludes the above argument to be the explanation of our
reaction rate of C3H; " differing from Lias e al’s. In our experiments, no M-1 ion from
any of the ion-molecule reactions studied has been found. Also, we observed no
significant kinetic isotope effect in the isotope reagent experiments. For example, C3H;"
reacting with [CgH,s, CsD1g] produces equal amounts of CsHy, " vs. CsDy, ", and equal
amounts of C4Hy" vs. C4Dy"; also, when C3D5" is used as the reactant ion, the reaction
rate and the product distribution remain the same as those for CsH;". We propose that the
alkide-transfer is likely to be involved in the majority of the reactions listed in table 2.
However, an alternate mechanism by hydride-transfer followed by dissociation is also
possible, although our experiments do not show a kinetic isotope effect which would
support hydride-transfer mechanism.

The chemistries of ions with increased kinetic energy have also been studied.
Each of the different ions is isolated and then kinetically excited to a certain energy level
before there is time to react with n-octane. While a thorough examination on collision-
induced dissociation (CID) of the n-octane ions in the kinetic energy range up to 500 eV
is underway, we report here only the CID results at relatively low energies, ~ 1-5 eV
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laboratory frame, as these energies are on the order of the upper limit of the kinetic
energies of ions in the spark ignition process. Considering that the reactant ions are not
initially thermalized as discussed earlier, we expect the energy level of the ions after
excitation should be higher than calculated based on the excitation waveform, but not
likely to be more than a few eV. The CID results from FTMS experiments are usually
presented qualitatively or semi-quantitatively, because with today’s FTMS techniques
reliable CID reaction rates at well-defined energies are difficult to acquire even for
reactant ions that are initially thermalized. Here we report only the products from the
kinetically excited ion reactions. At these elevated energies ions can potentially undergo
all of the possible reactions including charge-transfer and H™ or R™ abstraction, as well as
CID. We find that essentially only the CID processes are involved. For example, when
CsH,, " is kinetically excited (here designated as CsHy; ™) we find,

CsHiy"™" + M > GH;" + GHy + M,
where M represents the neutral collision target. The neutral fragment, C,Hy, in the above
equation only represents the authors’ estimate, considering that the ion has only a few eV
energy, and that increased fragmentation requires more energy. The CID process is
distinguished from the other endothermic reactions by the product isotope pattern. When
CsH," reacts with a 1:1 mixture of CgH;g and CgDys, only C3H; " is observed:

CsHiy"™" + M > GH;" + GHs + M,
where M = [CgH3,CsD1g]. The amount of product C;D;" is insignificant. To determine if
this product selectivity is not due to the kinetic isotope effect, CsDy; " is used as the
reactant ion. Then, essentially only C;D; " is observed:

CsDii”" + M > CD;" + CDs + M.
Clearly, these experimental results indicate that the reaction of C5D11+* is a CID process.
Similar experiments show that CID is also the major endothermic reaction observed for
other kinetically excited ions, with the results shown in table 3. For the molecular ion
CgH18+*, the reaction with [CgH,3,CsD;g] produces CsH,,", C4Hy", C5H;", and relatively
small amounts of the corresponding d-isotope ions, which suggests that the CID of
CgH18+* is mixed with other reaction(s). This other reaction is unlikely to be a H or R
abstraction reaction because all of the C atoms in this CgH;g" are fully ligated. The charge
transfer reaction is most likely the one involved. In table 3, the kinetic isotope effects are
also listed. We provide the ratios of the reaction rates of the h-isotope and d-isotope
reactant ions (ky/kp). While the isotope effects for most of the reactions in table 3 are not
remarkable, the inverse isotope effect for reaction C3H6+* > C;Hs +His significant and
is not consistent with its seemingly simple C-H bond cleavage process. Thus, whether
this reaction is in fact purely a collision-induced dissociation is not clear at this point.

The CID product ions, if smaller than C4H;", are observed to undergo the same

reactions listed in table 2 for the corresponding ions from the electron impact ionization,
although whether the CID product ions have the same structures as the corresponding
ions from the electron impact ionization is in question. A study in the 1970’s on CID of
isomeric octane ions demonstrated that structurally isomeric ions isomerise to a common
structure prior to decomposition.*® On the other hand, another study showed that the alkyl
ions from the electron impact ionization on hydrocarbons might be a mixture of structural
isomers.>” We do not see different reaction rates for the isomers, when there are any, for
all of the reactions in table 2, i.e., no biexponential decay of the reactant ion has been
observed.
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From the results presented above we conclude that, if the ion temperature is high
enough to drive its “thermal decomposition”, there are many reaction cycles in the n-
octane plasma: the reactant ion is reacted away with n-octane, while the product ion
decomposes to regenerate the reactant ion, and the reaction goes on. Some important
cycles are shown in scheme 1. In the scheme, the dash lines denote the endothermic
reaction paths (CIDs, the neutral collision target not shown), and the neutral products are
shown in parentheses only for the purpose to make the mass balance. Such a reaction
cycle each time converts n-octane to other smaller species, such as C,H4, CH4 or Hs.

4. Summary

Electron impact ionization on n-octane produces molecular ions and fragment
ions that range from C," to Cg', with a total ionization cross section of 1.4+0.2 x 1075
cm’ between 60-70 eV. At low energies (<16 eV) C¢Hy3™ and C¢H,»" are the most
abundant ions and C,Hs and C,Hg are believed to be the major neutral fragments. As the
electron energy increases, C;H;" becomes the most abundant ion and the neutral
fragments become more difficult to deduce. Among the ions generated from electron
impact ionization on n-octane, only C4H;" and smaller ions can react with the parent
molecule, producing mainly CsH;;" and C.Hy", probably via an alkide-abstraction
mechanism. The reaction rates vary from 0.32 to 2.4 x 10 cm’s™, with a general trend of
increasing reactivity with the decreasing number of carbon atoms in the reactant ion.
Upon being kinetically excited to ~1-5 eV, most of the ions studied undergo
decomposition forming smaller ions which can react again with n-octane, and the
reaction cycle continues.

Usually one may expect that after the electron impact ionization, the relaxation of
the ion composition by ion-molecule reactions leads to a stable ion composition; the ion-
molecule reactions convert the reactive ions to more stable product ions and at the end all
of the ions are unreactive. The present study demonstrates that at slightly elevated
energies the reactive ions can be recycled, and reaction chains can be accomplished that
repeatedly convert large paraffins into smaller hydrocarbon molecules. In certain aspects
this process resembles the neutral radical chain reaction in combustion or ignition. lon
reactions are in general much faster than the neutral particle reactions and, therefore, they
should play more important roles at the early ignition stages until the high concentration
of neutral radicals builds up and the thermal cracking dominates the combustion
mechanisms. High-energy ions are realistic at the very early stage of spark ignition; the
temperature in the spark kernel can be well above 10,000 K,'*** although the discharge
volume at this stage is small and the gas rapidly relaxes to temperatures of a few
thousand K within microseconds. Furthermore, it might be possible to design an ignition
device that can increase the kinetic energy of the ions and thus enhance the overall
efficiency of the ignition.
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Table 1. Cross sections (o, 10™'® cm?) and relative intensities of the ions from n-octane at
20, 50 and 70 eV electron impact. lons are listed in the order of (a) increasing mass, and
(b) decreasing cross section for the purpose of mass spectrometry references at 70 eV.

(a) (b)
20 eV 50 eV 70 eV
G rel.int. ¢ rel. int. G rel. int.

CH;"  0.005 04 0.026 1 CH,” 32 100
CH," - - 0.023 1 CHs" 1.6 51
CH;" - - 0.62 20 CeH;3" 14 44
CH," - - 0.096 3 CHy" 1.2 37
CHs" 0.057 4 1.1 36 CHs" 1.1 35
CH;" - - 035 11 CHp," 084 26
CH,”  -- - 0.085 3 CH;"  0.80 25
C;Hs" 020 15 1.6 51 CsH,," 077 24
CsHg" 0.14 10 045 15 CHs" 073 23
CH,” 13 100 3.1 100 CsHi,w 054 17
CHs" - - 0.074 2 CH;" 047 14
CsHs" - - 0.031 1 CgHisw 046 14
CH," 0.091 7 036 12 CsHs" 045 14
CsHs" 045 33 0.69 23 CH," 035 11
CHy" 070 52 1.1 36 CH,” 012 4
CsHo"  0.061 5 0.10 3 CsHy"  0.10 3
CsHy,o" 040 30 0.50 16 CsH,”  0.088 3
CsH;" 0.54 40 0.73 24 CsHs"  0.082 3
CeHp,' 071 53 0.78 26 CH,” 0.046 1
CeHiso 1.1 81 1.3 43 CsHe"  0.034 1
CsHis" 032 24 042 14 CH;" 0.029 1
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Table 2. Rate coefficients and branching ratios of gas-phase reactions of some selected
C,H,,” with n-octane. Reactant ions are generated from 50 eV electron impact ionization
and have not been thermalized prior to the reactions.

Reactant Ion  Rate (10° cm’s™")  Product Ion Branching Ratio %

C,H;" 2.4 CsH,," 35
CsHo" 44
CsH," 15
C;Hs" 6
C,Hs" 1.7 CsHy, " 40
C4Ho" 44
C;H," 13
Cs;Hs" 3
CsH;" 0.74 CsH,," 49
CsHo" 46
CsH," 5
Cs;Hs" 1.1 CsH,," 46
CsHo" 44
CsH," 10
CsHg" 1.5 CsH,," 44
CsHo" 42
CsH," 14
CsH," 0.69 CsHy, " 59
CsHo" 41
C,H;" 0.32 CsHy, " 54
C4Ho" 46
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Table 3. Products and the isotope effects of the collision-induced dissociation of the
kinetically excited ions. The neutral fragment products represent only the authors’
proposed scheme. The kinetic isotope effects presented here are the ratios of the reaction
rates of the h-isotope and d-isotope reactant ions (kyy/kp).

Reactant ions  Products Kinetic isotope effect

CgHys™ CeHism + CoHs 0.7
CeHp," + CoHs 0.8
CsHy," + GH; -
C4H9+ + C4Ho --
C;H;" + CsHyp -

CeH 3™ CHo  + C,H, 1.0
CsH;" + C;Hg 1.3
CeH,p™ CsHo' + CH; 1.0
CsHg™ + C,H,4 0.6
CH," + C,Hs 0.6
C3H¢™ + C3Hg 0.7
CsHs" + C3H; 0.6
CsH,, ™ CH," + C,Hy, 1.0
C5H10+* C4H7Jr + CH4 0.8
CsHe™ + C,H,4 1.0
CqHo™ C;Hs" + CH,4 0.8
C,Hs" + C,Hy 0.9
CsHg™ C;Hs" + CH, 0.8
C;H;™ C:Hs" + H, 0.6
C;He™ C:Hs" + H 0.2
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Figure 1.Cross sections for the formation of C," and C," ions from n-octane by electron
impact.
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Figure 2. Cross sections for the formation of C3" ions from n-octane by electron impact.
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Abstract

Ionization of trimethylaluminum and trimethylgallium by electron impact from
threshold to 70 eV and the reactions of the resulting ions are studied using Fourier-
transform mass spectrometry. The total ionization cross sections rise from thresholds near
10eVto1.3+0.1 x 10 and 1.2 + 0.1 x 10"° cm?, respectively at 70 ¢V. The most
abundant products of dissociative ionization are MC,Hs" (M = Al or Ga) and singly
charged metal ions M". Although these ions are unreactive with the parent molecules,
other products generated by the electron impact ionization react readily with their parent
molecules, yielding MC,H," and M as the principal products. Ions with two or three
carbons have only six or nine hydrogen atoms, respectively, suggesting retention of the
C-H bonding in methyl groups for M(CH3)," (x=2,3). The only dications observed had
stoichiometries MC2H62+. Clusters with two metal atoms were observed to form with

elimation of CHs with rate coefficients in the 10 'cm’s™ range.
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1. Introduction

Aluminum and Gallium are important Group III constituents of semiconductor
devices including lasers and microelectronic circuits. Blue (399 nm) lasing at room
temperature was recently reported in vertical cavity surface emitting structures that used
AlGaN and GaN reflectors and a GaN gain medium. '* The high electron mobility of
GaAs and the fabrication of tunable quantum well structures make AlGaAs devices
attractive for high speed electroptical devices. Although group III materials can be made
by molecular beam epitaxy or metal-organic chemical vapor deposition, the temperatures
and deposition rates of these approaches complicate fabrication of complex structures.
Synthesis of group III materials by plasma enhanced chemical vapor deposition is
considered promising because rapid deposition at low temperatures has been reported. In
particular, the volatile organometallic trimethyl compounds of Aluminum (TMA)'* and
gallium (TMG) *° have been used a precursors for plasma enhanced film formation.
Plasma electrons will excite, dissociate, and ionize these precursors. This paper describes
the electron impact ionization of TMA and TMG as well as the subsequent reaction of the
dissociatively ionized products with the neutral organometallic gas.

2. Experimental

All experiments were performed on a modified Extrel Fourier-transform mass
spectrometry (FTMS) equipped with a cubic ion cyclotron resonance trapping cell (5 cm
on a side) and a 2 T superconducting magnet.” TMA (98%, Strem Chemicals, Inc.) or
TMG (99+%, Strem Chemicals, Inc.) were diluted 1:2 with argon (99.999%, Matheson
Research Grade) to total pressures of 10 and 200 Torr, respectively, as determined by
capacitance manometry. The gase mixtures were admitted through a precision leak valve
into the FTMS system. Ions were formed by electron impact in the trapping cell at
pressures in the 10”7 Torr range. An electron gun (Kimball Physics ELG2, Wilton, NH)
irradiated the cell with a few hundred picocoulombs of low-energy electrons. The motion
of the ions was constrained radially by the superconducting magnetic field and axially by
an electrostatic potential (1 V) applied to the trap faces that are perpendicular to the
magnetic field. Ions of all mass-to-charge ratios are simultaneously and coherently
excited into cyclotron orbits using a stored voltage waveform™ applied to two opposing
trap faces which are parallel to the magnetic field. Following cyclotron excitation, the
image currents induced on the two remaining faces of the trap are amplified, digitized
and Fourier analyzed to yield a mass spectrum.

The calculation of cross sections from the mass spectrum intensities requires
knowledge of the gas pressures, the electron beam current, and the number of ions
produced. These calibration issues have been described previously.”'® The intensity
ratios of the ions from TMA or TMG to Ar" give cross sections relative to those for argon
ionization'' since the pressure ratio of Ar to TMA or TMG is known. As a cross check,
and for ion molecule kinetic analyses, the gas pressure is calibrated using a pulsed valve
and a spinning rotor friction gauge (MKS Instruments model SRG2, Burlington, MA)
with the vacuum chamber sealed off from the pumps. Electron current is collected on a
Faraday cup and recorded with a digital oscilloscope after passage of the electron beam
through the ion trap. The quantitative relationship between the image current and the
number of ions is based on a lengthy, but elementary, solution of Maxwell’s equations for
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the cubic ICR cell. This is required to quantify both excitation of the ions and detection
of the resulting image current.’

3. Results and discussion

Figure 1 shows the electron impact ionization cross sections of TMG from 10 to
70 eV. The total cross section rises from threshold of 10 eV to 1.2 + 0.1 x 10" cm? at 70
eV. Of the 80 statistically possible singly charged ions 52 structures that satisfy normal
valence are plausible:

MC;H, " (x=0-9); C;H, " (x=0-9); MC,H, " (x=0-7); C;H," (x=0-6); MCH," (x=0-5), CH,"
(x=0-4); H," and H".

Of these 52 only eight are observed to form with cross-sections greater than 0.1% of the
total cross-section. (Proton and molecular hydrogen ions may form but have cyclotron
resonance frequencies too high to be detected in these experiments.) The most abundant
ion at all energies is GaC,Hs ', followed by the atomic gallium ion Ga'. It is tempting to
assign the primary dissociative pathway to scission of Ga-C bonds to yield diemthyl,
methyl, and bare gallium ions as the three most abundant fragments. However, the mass
spectral data do not rule out more exotic bonding arrangements with the same
stoichiometry..

A parent molecular ion GaC3Hy" is observed to form in roughly 1% yield, and
extensively dissociated fragments GaCH,", GaCH,", GaCH", and GaC" are formed with
thresholds at 18, 24, 29, and 48 eV, respectivel. The dication GaC,H¢*" ion is the only
do%bly charged species observed, with a peak cross-section of approximately 2.5 x 107"
cm”.

The ionization cross sections of TMA displayed in Figure 2 are qualitatively
similar to those of TMG. The three major ion fragments are AI(CH3)X+ where x=0-3.
AICH," with y={0,1,2,4} are also observed in less than 1% yield, and the total ionization
cross section rises from threshold near 10 eV to 1.3 + 0.1 x 10" cm? at 70 V. The
dimethyl dication AIC;Hg" is also the only doubly charged aluminum species observed
formed with a cross-section greater than 10" cm”.

Trimethylaluminum differs from its gallium counterpart in forming the hydrides
AIH" and AIH,". The molecular ion is MC3H," is formed in higher yield (5%) when M is
aluminum than when it is gallium (0.7%). We also note that ions with two or three
carbons contain three or six hydrogen atoms, respectively. By contrast, ions with only
one carbon are formed with 0 to 4 hydrogens. This difference suggests that the carbon
hydrogen bonds remain intact in MC,H¢" and MC3Hy' but not in MCHy+ when
y={0,1,2,4}. The fragments that require CH bond breaking are observed to form at
higher thresholds than M(CH3),".(x=0-3) and may be associated with higher lying
electronic states of the M(CH3);" ion.

The gas-phase reactions between the ions formed with ionization cross sections >
~10"7 cm” at 70 eV and their neutral parent molecules are summarized in Table 1. The
reactant ions were generated by electron impact at both 25 and 50 eV, but no differences
in the reaction raetes or products were observed within the experimental uncertainty.
Three classes of product were observed: M", MC,H¢", and MzCXH;. Ga' and
GaC,Hs" do not react with GaMe; to form new ion species, though symmetrical charge
transfer cannot be excluded. (isotope ejection?) GaCHj;' produces both Ga™ and
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GaC,Hs" as well as 2% Ga,C3Hy" where energy conservation is assured by the departure
of a methyl group:
GaCH;" + Ga(CHs); = [CH3GaGa(CHs);]" = Gax(CHs);™ + CHs.

The aluminum ions are more reactive than their gallium counterparts.
AICH;" produces AI(CH3)," and Al", but in altered proportions as outlined in Table 1.
Although Al" does not react with the neutral methyl compounds AIC;Ho", AIC,H¢' , and
AICH;" form clusters:

AI(CH3);" + AI(CH3); = [(CH3)3AlAI(CH3)3]" = Aly(CHs)s' + CH;

- AI(CH;), + {Al(CH3); + CH3}
AI(CH3),” + AI(CH3); = [(CH3),AlAl(CH3);]" = Aly(CH3),H™ + CH,
AI(CH3)" + AI(CH3); = [(CH3)AIAI(CH3)3]" = Aly(CH3);" + CH;

The reactions of AIH," and AICH," are very selective, producing only AIC;Hs".
AICH," produces a mixture of Al", AIC,H¢", and a cluster with loss of CHj:
AICH," + AI(CH3); = [(CH2)AIAI(CH3)s]" = Aly(CH3)2(CH,)" + CHs.

Since argon is commonly used as the diluent in PECVD, the argon ion reactions
with TMA and TMG were also studied. Ar' reacts with Al(CH3)s to yield Al (19%),
AlH," (8%),AICH," (4%), AICH;" (25%), AICH," (7%) and AIC,Hs" (37%) at a rate
constant of 5.9 + 0.5 x 10™'° cm’s™, and with Ga(CHj3)s, to yield Ga™ (42%), GaCH;"
(13%), GaCH," (1%) and GaC,Hg" (44%) at a rate constant of 4.7 + 0.5 x 10" cm’ s™".
The product ions from these reactions undergo secondary reactions with their parent
gases as described in Table 1, resulting in the dimethyl metal ion MC,H;" and the bare
metal ion M" as the predominant product ions.

4. Conclusion

Ionization of trimethyl aluminum and trimethyl gallium by electron impact
increases from thresholds near 10 eV to 1.3 + 0.1 x 10" and 1.2 +0.1x 10"° cm? at 70
eV, respectively. The primary ion species is MC,Hs', with the metal atomic ion being
next most abundant for both aluminum and gallium. Ions with two or three carbons have
six and nine hydrogen atoms, respectively suggesting that dissociative ionization occurs
primarily by loss of methyl moieties. MCH," ions where y={0,1,2,4} are also observed
to form with higher thresholds and peak cross-sections of less than 10™"’cm?® for M=Ga
and 5 x 10" ecm? for M=Al. Both TMA and TMG also produce small yields of diemethyl
dications M(CH3),"* with cross-sections in the 10" °cm” range. Simple hydrides of
gallium are not produced, but the AIH," (y = 1,2) are formed from dissociative ionization
of TMA. MC,H¢" and M" do not react rapidly with the parent compounds. The remaining
ions undergo dissociative charge transfer with rate constants between 0.7 and 2.9 x 10™"°
cm’s”'. The principal products are the same as the most prominent dissociative ionization
fragments, MC,H¢ and M. Ton molecule reactions that produce clusters with two metal
atoms and loss of CHj; are observed for AIC5Hy", AIC,Hs', AICH,", AICH;5", and GaCH;"
with rate constants in the 10™"! cm’s™ range. Further clustering reactions were not
observed on the time scale of the present measurements. Ar' reacts with TMA and TMG
at rates of 5.9 and 4.7 +0.5x10"* cm’s™', respectively, generating mainly MC,Hs". The
low thresholds and large cross-sections for production of MC,;Hs" and M" combined with
their production by charge transfer from ions formed in lower yield by electron impact
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suggest that plasma ion compositions will be dominated by these two species under a
wide range of pressure and excitations conditions.
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Table 1. Ion-molecule reaction rate coefficients and branching ratios of selected ions that

have ionization cross sections greater than 10" cm? at 70 eV.

Product ion (M = Ga or Al)

Reaction Rate (10"%m’s™") M" MC,H¢" Dimer ion

Ga + Ga(CHs); no reaction - - -

GaCH;" + Ga(CH3);  4.8+0.5 66% 32% Ga,C3Ho ' : 2%
GaC,Hg' + Ga(CH3);  no reaction - - -

Al + Al(CH3); no reaction - - -

AlH," + AI(CH3)s 6.0+0.5 0 100% 0

AICH," + AI(CH3);  3.7+0.5 16% 71% ALC:Hg" : 13%
AICH;" + AI(CH3);  2.140.2 30% 67% ALC3Hy' : 3%
AICH;" + AI(CH3);  5.440.5 0 100% 0

AlC,H¢" + AI(CH3);  0.18+0.02 0 0 ALC4H 3" : 100%
AIC3Hy" + AI(CH3);  4.640.5 0 69% ALCsH;s : 31%
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Figure 1. Cross sections for ionization of Ga(CHj3); by electron impact.
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Figure 2. Cross sections for ionization of Al(CH3); by electron impact.
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Appendix D Ion Chemistry in boron trichloride, BCl3
Chem. Phys. Lett., 265, 239 (1997).
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Abstract

lonization of boron trichloride by electron impact has been examined by Fourier transform mass spectrometry. The
parent ion, BCI, and three fragment ions, BCI}, BCI*, and Cl+, are observed. The total ionization cross section is
1.0 + 0.1 x 10=" cm? between 30 and 60 eV. BCI* and Cl+ react with neutral BCls to yield BCI with bimolecular rates
of 53+ 05x107 cm® s™! and 6.2 £ 0.5 x 107 cm® s, respectively. BCIJ does not react with BCly. Cl- and Cl;
are produced by dissociative attachment of low-energy electrons to BCls, and Cl; is found to rapidly react with BCls to

form BCl; .

1. Introduction

Boron trichloride (BCl3) is used in plasmas for
etching of semiconductors [ 1-3], deposition or dop-
ing of boron [ 4,5], and in situ electric field measure-
ments [ 25]. Literature reports on its electron impact
ionization [ 7,8], attachment [ 9,10], scattering[ 111,
dissociation kinetics [ 12] and spectroscopy [ 13-17]
have appeared. Positive and negative ions formed by
electron impact on BCl3, and their appearance po-
tentials have been reported [ 8,10,18]. Negative ions
in BCl; discharges have aso been probed with op-
togalvanic spectroscopy [ 191, and mass spectrometry
[7.9].

Degpite the technological interest in this molecule,
and the many papers on its chemistry in plasmas,
the cross sections for electron impact ionization of
BCl; and the gas-phase ion-molecule reactions of

! Author to whom correspondance should be addressed at Mo-
bium Enterprises, Inc., 3055 Rodenbeck Dr., Beavercreek, OH
45432, USA.

its charged fragments have not been reported. We
have quantified these collisional cross sections by
Fourier transform mass spectrometry (FTMS) , aswe
have reported previoudly for tetramethylsilane [ 20],
tetraethylorthosilicate [ 211, and silane [ 22].

2. Experimental

Boron trichloride (BCls, 99.9%, Aldrich) was
diluted with Argon (99.999% Matheson Research
Grade) in a ratio of 50:50 and admitted through a
precision leak valve into a modified Fourier-transform
mass spectrometry (FTMS) system that has been
described in detail elsewhere[ 23]. In brief, ions are
formed by electron impact in a cubic ion cyclotron
resonance (ICR) trap cell at pressure in the 10~7
Torr range. An electron gun (Kimball Physics ELG2,
Wilton, NH) irradiates the trap with a few hundred
picoCoulombs of low-energy electrons. The ions
motions are constrained radially by a superconducting
solenoidal magnetic field of =~ 2 T and axialy by a

0009-2614/97/%$17.00 Copyright © 1997 Published by Elsevier Science B.V. All rights reserved.
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nomina (= 2 V) electrostatic potential applied to the
trap faces that are perpendicular to the magnetic field.
lons of al mass-to-charge ratios are simultaneously
and coherently excited into cyclotron orbits using a
radiofrequency voltage applied to two opposing trap
faces that are parallel to the magnetic field [ 24,25].
Following cyclotron excitation, the image currents
induced on the two remaining faces of the trap are
amplified, digitized, and Fourier analyzed to yield a
mass spectrum.

Calculation of cross sections from the mass spec-
trum requires knowledge of the gas pressure, the elec-
tron beam current, and the number of ions produced.
These calibration issues have been described previ-
oudly [23,26]. The ratio of BCI}, CI* : Art signals
gives cross sections relative to the well-known cross
sections for argon [ 27,281 ionization since the BCl5 :
Ar pressure is known. As a cross-check, and for ion-
molecule kinetic analyses, the gas pressure is cali-
brated using a pulsed valve and a spinning rotor fric-
tion gauge (MKS Instruments model SRG2, Burling-
ton, MA) with the vacuum chamber isolated from the
pumps by closed gate valves. Electron current is col-
lected on a Faraday cup and recorded with a digital os-
cilloscope after passage of the electron beam through
the ion trap. The quantitative relationship between the
image current and the number of ions is based on a
lengthy, but elementary, solution of Maxwell’s equa-
tions for the cubic ICR cell. Thisis required to quan-
tify both excitation of the ions and detection of the
resulting image current [ 23].

The distribution of electron energies in the trap,
based on solution of Laplace's equation for the ex-
perimental geometry, is roughly Gaussian with a full
width at half maximum of 0.5 eV due to the electro-
static trapping bias [ 23]. The energy scale is accu-
rate to £0.5 eV based on comparison of noble gas
ionization thresholds with spectroscopic data. We fit
the cross-section data to a heuristic but parsimonious
functional form:

7 (e=T)

og(e—-T)=AX 1anh—*a— x e ke=D)

where o is the cross section, € is the electron energy,
T is the appearance potential, A scales the amplitude,
k characterizes the higher energy behavior of ¢, and
a quantifies do/de near threshold.

10.0 -

Cross Section (10"6 cm2)
5
T

0.1 H . 1 1 | 1 " | L |
10 15 20 25 30 35 40 45 50 55 60

Electron Energy (eV)
Fig. 1. Cross sections (cm?) for ionization of BClz by eectron
impact. Points represent experimental data. Solid lines are fits of
the equation described in the text.

3. Results and discussion

lonization cross-sections for BCl; are shown in
Fig. 1, while parameters for functional fits to the ob-
served cross-sections are summarized in Table 1. A
striking feature of the data is the observation of the
molecular ion, BCI{, in substantial yield. In a recent
paper on ionization in plasmas containing BClz [ 7],
no BCIf in the amplitude modulated discharge mass
spectra was reported. We conclude that the BCl; has
been substantially consumed by reactions with elec-
trons, ions, surfaces, and neutral radicals during the
long residence time of the gas in these plasmas. This
conclusion is reinforced by the absence of Bt in the
FTMS spectra of BCl; and its presence in the am-
plitude modulated plasma spectra shown in reference
[7]. We ascribe the observation of B to dissocia-
tive ionization of species other than BCl; that are
produced in the radiofrequency discharge [ 7].

The present results also update the observations in
reference [ 8] where both B+ and C1 were reported in
the mass spectra of BCls. The above work correctly at-
tributed the formation of the latter to an artifact of py-
rolysis on the ionizer filament. The present data show
neither B+ nor C13 because pyrolysis is precluded by
the 2 meter distance between the filament and ion trap.
We propose that the observation of B* in reference
[ 8]islikewise a consequence of filament pyrolysis.
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Table |

Fitting parameters for simple and dissociative ionization cross
sections. Also shown are appearance potentials estimated from
thermochemical data in the JANAF tables

lon A k @ T JANAF T
(cm?) (ev™h) (eV) (eV) (eV)

BCIF 16x107!¢ -2.4 x 1073 15 114 116
BClf 53x107'% -3.8 x 107% 21 125 124
BCI™ 1.0x107'% 59 x107*24 194 195
at o 24x107% 6.7 x 107780 223 267

The most abundant positive ion from threshold to 60
eV isBCIJ . By introducing a time delay between ion
formation at 25 eV and ion cyclotron excitation and
detection, we track the reactions of ion fragments with
BCl; as shown in Fig. 2. The more extensively disso-
ciated ions BCI™ and CI* react with BCI; to produce
BClJ at rates of 5.3+0.5and 6.2+0.5x 10~ %cm3s~!,
respectively. The Ar* ion also reacts rapidly:

Ar* + BCl; — BCI} + (Ar, Cl)
k=50=+0.5x10"%cm¥%s "

Based on the published value for the polarizability of
BCl3, a = 9.38 x 10~2* cm? [ 29], these reactions oc-
cur at about one-half of the Langevin limiting value.
The reaction rates of BCI;r with BCl; are the same
whether the ions were formed by 25 eV or 50 eV elec-
tron impact. The depletion of CI" is about 1.5 times
faster at 50 eV, but our data cannot resolve whether this
rate increase is attributable to spin-orbit, electronic, or
translational excitation of the reactant C1* ion at 50
eV.

Small quantities of HCI are observed, either from
impurities in the BCl; cylinder, or as products of the
reaction between BCl; and traces of water in the vac-
uum manifolds. We also observe the production of
BCIOH" that arises either from reaction of water va-
por with BCI{ :

BCl} + H,O — BCIOH* + (H, 2Cl)
or dissociative charge transfer to hydrolyzed BCl; :
BCl; + H,O0 — BCLOH + HCI,

(Ar*, BCIJ) + BC,OH — BCIOH" + Cl
+(Ar, BCly).

-75 -
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Fig. 2. Time evolution of positive ion species produced by 25 eV
electron impact at a BCl; pressure of 3.2 x 10~7 Torr. Traces of
HCI™" are attributed to the reaction of BCl3 with background water
vapor. Points represent experimental data. Solid lines are fits of a
kinetic model which gives the reaction rate coefficients presented
in the text.

No BCIOH™ was observed in kinetic experiments dur-
ing which al ions but BCI; were gjected.

Negative ions from electron attachment to BCls
were first examined between 10 and 60 eV. No anions
attributable to direct dissociative attachment at these
energies were observed. However, secondary electrons
from positive ionization were trapped in the ICR cell,
and these electrons produced substantial quantities of
C1~ and Cl; . No boron-containing anions were ob-
served by the secondary electron attachment.

In order to study dissociative attachment of elec-
trons to BCl3 at energies below 10 eV, we studied the
negative ion intensities as a function of applied trap-
ping potential. The results are shown in Fig. 3 at a
primary electron energy of 50 eV. We note that the
range of secondary electron energies in the trap is con-
strained both by their kinetic energy following ioniza-
tion and by the applied trapping potential. As the trap-
ping potential increases the mean energy of trapped
secondary electrons rises, leading to increased disso-
ciative attachment as shown in Fig. 3. We infer that
the secondary electrons from positive ionization were
trapped in the ICR cell, and dissociative attachment by
these electrons produced substantial quantities of Cl-
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Fig. 3. Negative ion yields from trapped secondary electrons as a
function of the applied trap bias. The primary electron energy is
50 eV.

and Cl; . The above conclusion is reinforced by the
observation of negative ion production after cessation
of the electron beam, as shown in Fig. 4. Although
the energy resolution of our experiment is inferior to
that of conventional crossed beam measurements for
electron energies below 10 eV, we identify the low-
energy attachment resonances and their product ions
by FTMS.

Due to uncertainties in the number and in the energy
distribution of trapped secondary electrons, the data
summarized in Fig. 4 do not permit derivation of the
rate coefficients for negative-ion molecule reactions.
However, the data do reveal three features of anion
chemistry in BCls. First, Cl, reacts rapidly with BCls:

Cl, + BCl; — BCI, + Cl
but the rate for the Cl- reaction:
Cl- + BCl; — BCly

is substantially slower. At present we cannot say
whether the product BCl, (from the latter reaction) is
stabilized by emission of radiation or by a combination
of along vibrational lifetime and collisional quenching
at =~ 10~% Torr. Second, the ion-molecule reaction:

ClI” + BC13 — ClI, + (B, 2CI)

108 = T i T T

CI”

54
S
1

y (Arb. Units)

._.
<
%

Ion Intensit

n 1 FENSTEN BYE n It PR,
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Reaction Time (s)

Fig. 4. Negative ion yields as a function of time delay between the
generation of secondary electrons in the trap and the observation
time. The increase in ion concentration over the first & 400 ms
is due to the attachment of trapped secondary electrons.

is not observed, indicating that Cl; is produced only
by the dissociative attachment of electrons to BCls.
Both Cl- and Cl;, were reported in drift-dwell-drift
electron swarm experiments [ 18] but later quadrupole
mass spectrometry of BCl; plasmas reported only
Cl- [ 9]. Finally, the datain Fig. 4 show that BCL,O~
is formed by dissociative attachment to an impurity
neutral such as BCI,OH, rather than by a negative-
ion molecule reaction. The formation of BCLbOH is
consistent with our observation of BCIOH™ in the
cation kinetics experiments, and with a mechanism
by which BCl; is proposed to scavenge oxygen in
discharges [ 30].

4. Conclusions

Electron impact ionization of BCl; yields BCLJ,
BCI{, BCI*, and CI* with atotal cross section of 1.0+
0.1 x 10~'3 cm? between 30 and 60 eV. lon-molecule
reactions of BCI* and C1* yield BC13 with rate con-
stants of 5.3 £ 0.5 and 6.2 £+ 0.5 x 107'% cm® s+,
respectively. Dissociative attachment of low-energy
electrons to BCl; yields primarily Cl- with smaller
quantities of Cl; . No boron-containing ions are found
by dissociative attachment, but both Cl- and Cl; re-
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act with BClz to produce BCI, . No further cluster-
ing of BCI; is observed. We infer that heavier anions
observed by mass spectrometric sampling from BCl;
plasmas are a result either of attachment to higher
molecular weight species formed in the plasma or to
reactions of anions with neutral radicals that are pre-
cluded at the pressures and charge densities used in
the FTMS experiments.
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Abstract

The dissociative ionization of perfluoroethane, C,F,, by electron impact has been measured under single-collision
conditions using Fourier transform mass spectrometry. The total ionization cross-section rises to a maximum value of
89 + 1.3 X 1079 cm? at 70 eV. CF; is the most prominent ion fragment at all energies, followed by C,F;", CF™, and
CF;. C,F; is not observed. The ratio of dissociative ionization to total dissociation increases from 27 + 5% at 22 eV to
89 + 11% at 70 eV. The total cross-section and the partitioning among the dissociative channels is examined in the context

of the binary encounter Bethe (BEB) molecular orbital model. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Perfluoroethane, C,F;, is used as a precursor for
reactive ion etching of semiconductors and as a
gaseous dielectric for insulation. Earlier work on
dissociative ionization of perfluoroethane includes
magnetic sector measurements by Beran and Kevan
[1] and quadrupole studies by Poll and Meischner [2].
A need for better quality C,F; ionization cross-sec-
tions was recently noted in a review of its low-en-
ergy electron transport characteristics by Olthoff and
Christophorou [3].

The partitioning of fragments among plausible
dissociation channels is of both practical and funda-
mental significance. Fourteen of the 18 statistically

* Corresponding author: Mobium Enterprises, 518 West Lin-
den Street, Louisville, CO 80027-3124, USA. E-mail:
phaaland @uswest.net

possible fragment ions satisfy norma valence re-
quirements:

Cc*,F*,F/,CF',CF,,CF,CE/,C; ,
C,F*,C,F,C,F;,C,E,C,F and C,F; .

Only four of these ions are observed to form by
low-energy electron impact: CF;, C,F", CF* and
CF;.

Others among this list of 14 are observed to form
by dissociative ionization from different precursors.
For example, C,F; and C,E,", are formed by disso-
ciative ionization of ¢-C,Fg, and are therefore ther-
modynamically stable species (see, eg., Ref. [4]).
The selection among fragment channels is a result of
dynamical constraints on either the electronic states
to which C,F; is excited, or on the trajectory fol-
lowed by nuclei during the fragmentation of the
excited ion state.

While theoretical estimates of ionization by elec-
tron impact using ab initio molecular orbital theory

0009-2614 /99 /$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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and the binary encounter Bethe (BEB) model have
provided insight into the total ionization cross-sec-
tions for some molecular species[5], there is value in
exploring whether these methods provide guidance
on the number and relative importance of the partial
ionization cross-sections as well. We will present a
few observations and comments on this question for
the case of C , F, ionization below.

On a more practical note, the performance of
plasma etch chemistries based on fluorocarbons gen-
erdly — and C,F; particularly — is constrained by
ion kinetics. The partial ionization cross-sections can
be integrated with the electron energy distribution of
a gas discharge to evaluate the rates for production
of each ion species. This initial ion species distribu-
tion may be modified by charge transfer collisions
before the cations are extracted through a plasma
sheath to the reactor boundaries. Combined with an
understanding of the ion-molecule reaction rates for
the plasma species, the partial ionization cross-sec-
tions permit estimates of the scaling of ion fluxes
and composition with reactor pressure and gas mix-
ture composition.

2. Experiment

Peffluoroethane C,F; (Aldrich, 99%) is mixed
with argon (99.999%, Matheson Research Grade)
and admitted through a precision leak valve into a
modified Fourier transform mass spectrometry
(FTMS) system that has been described in detail
elsewhere [6,7]. lons are formed by electron impact
in a cubic ion cyclotron resonance (ICR) trap cell at
pressures in the 1077 Torr range. An electron gun
(Kimball Physics ELG-2, Wilton, NH) located 2 m
from the trap irradiates the gas with a short (2-6 ms)
pulse of a few hundred picocoulombs of low-energy
electrons. The motions of ions produced by electron
impact are constrained radially by a superconducting
solenoidal magnetic field (= 2 T) and axialy by a
nominal electrostatic trapping potential (I-2 V) ap-
plied to the trap faces that are perpendicular to the
magnetic field. lons of all mass-to-charge ratios are
simultaneously and coherently excited into cyclotron
orbits using a stored voltage waveform [8]. The
image currents induced on the two remaining trap

faces are then digitized and Fourier analyzed to yield
a mass spectrum.

Calculation of the cross-section from the mass
spectral intensities requires knowledge of the gas
pressure, the electron beam current, and the number
of ions produced. It is particularly important that the
measurements are made during a time that is short
enough to preclude perturbation of the species dis-
tribution by charge transfer reactions. These calibra-
tion issues have been discussed elsewhere [6,7]. In
the measurements reported here, we calibrate the
cross-sections using ratios of the ion signals to those
of argon, whose cross-section is known to + 12%
from the crossed-beam measurements of Wetzel and
Freund [9].

The distribution of electron energies in the ion
trap, based on the solution of Laplace's equation for
the experimental geometry, is roughly Gaussian with
a full-width-at-haf-maximum (FWHM) of 0.5 eV
due to the electrostatic trapping bias. The mean
energy is accurate to f0.2 eV based on comparison
of noble-gas ionization thresholds with spectroscopic
data

It is important to note that the ions are not
actually collected in the FTMS experiment; only
their electromagnetic influence on the antenna is
recorded. As a result, the spectrometer sensitivity is
neither mass nor species dependent for the results
described here. We estimate the accuracy in the
partitioning among ionic channels relative to argon
to be +4%. Combined with the precision of the
crossed-beam measurements on argon ( + 12% [9)),
we estimate the magnitude of the of the cross-sec-
tions presented here to be accurate within + 16%.

3. Results and discussion

The partial ionization cross-sections are displayed
in Fig. 1. CF;' is formed with the lowest threshold
and in the highest yield at all energies out to 70 eV.
The yields of CF;" and C , F;" rise from threshold to
25 eV at similar rates, but the yield of carbon-carbon
bond scission product increases more rapidly from
25 to 70 eV than that of carbon-fluorine cleavage.
The present results are in plausible agreement with
the early quadrupole measurements of Poll and
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Fig. 1. Partial ionization cross-sections of C,F;: o, CF;; *,
C,F; +, CF*; X, CF;. Solid lines are digitized quadrupole
data from Ref. [2].

Meichsner as illustrated by the solid lines in Fig. 1
[2]. We find higher yields of CF (20 eV) and CE;
above 40 eV and a more gradual increase of cross-
section with energy near threshold for CF; and
C,F;".

The relatively high thresholds and small cross-
sections for production of CF* (20 eV) and CE;" (23
eV) imply that the rates of their formation from C, F;
in a plasma will be much less than those for CF;
and C, F;" formation. One can also probe the evolu-
tion of ion composition due to charge transfer reac-
tions by introducing a delay between ion formation
and mass spectral evaluation in the FTMS experi-
ment. In this way, we find that CF;", C,F; and CF*
do not react with C,F,. However, CF; reacts with
perfluoroethane to yield C,F;" with a rate coefficient
of about 1.3 x 10~ '® cm® s~ ! . This coefficient is
estimated by presuming charge transfer from argon
[10]:

Ar* + C,F, » CF; + [Ar,CF,]
Art + C,F, —» C,F + [ArF]

occurs at the Langevin limiting value of 1.1 x 10~
cm?® s™! for the measured polarizability of 6.2 x
10~%* cm?® [11]. The product C,F;f is unreactive, so
that the ion composition of a glow discharge that
contains C,F, should be be primarily CF;, C,FS",
and CF*. The observation of other ion species in a
plasma reactor can be thereby ascribed to aternate

processes such as ionization of neutral radicals or the
products of gas-phase neutral reactions.

The absence of the parent molecular ions, C,E,
implies that ionization of perfluoroethane by elec-
trons is exclusively dissociative. The total dissocia-
tion cross-section has been reported by Winters and
Inokuti to be 3.2 + 0.6 x 107'® cm? at 22 eV and
81+ 1.6 x107'® ¢cm? at 72 eV [12]. The total
ionization cross-sections reported here are 0.9 + 0.13
X 107'¢ cm? and 8.9 + 1.3 x 107'® cm? at the
same energies. At 22 eV, which is still well above
the ionization thresholds, approximately 73 + 5% of
the total dissociation yields only neutral fragments.
At 72 eV the dissociation is predominantly ionic
within the combined uncertainties of the experimen-
tal measurements. (The upper bound for the neutral
fraction is 22%.) Neutral species are also produced
by dissociative ionization; for example F is a neutral
product of the process that forms C , ;.

Fig. 2 displays the total experimental cross-sec-
tions recently reported by Nishimura [ 13] and the
sum of the partial cross-sections presented here.
These total ionization cross-sections are in quantita-
tive agreement within the combined experimenta
uncertainties of the measurements.

Beran and Kevan [1] reported total cross-sections
for a range of halocarbons at 20, 35, and 70 eV in
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Fig. 2. Comparison of the present FTMS total ionization cross-

section (), the ionization tube experimental values of Nishimura

(A )[13]and of Beran and Kevan (%) [ 1], and two BEB estimates

using orbital energies of Kim (<) [13] and energies of Winstead

(>) [17)
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Fig. 3. Ratio of BEB cross-section estimates to the sum of the
partial ionization cross-sections measured by FTMS. Calculations
used RHF energies ( D) and empirically adjusted CAS SCF ener-
gies(<).

1969. All of the cross-sections presented in their
paper were based on the magnitude of the argon
ionization cross-section at 70 eV reported by Asundi
and Kurepa in 1963 [14]. This value, 3.62 x 107'¢
cm?, is substantially higher than that reported by
Rapp and Englander-Golden 2.77 x 107'¢ em? [15]
in a total ionization tube, as well as more recent
magnetic sector 2.80 x 107!¢ ¢cm? [16] and crossed
beam 2.91 x 10~ !® ¢m? [9] results. When the data of
Beran and Kevan are scaled to the correct argon
ionization cross-section [9] they are consistent with
the present results at 20 eV but underestimate the
total cross-section at 45 and 70 eV as depicted in
Fig. 2.

The total ionization cross-section can be estimated
using the BEB model [5]. Briefly, this model sums
contributions to the total cross-section o using ab
initio estimates of the molecular orbital occupation
numbers N, binding energies B, orbital U, and
incident T kinetic energies according to the formula:

Qlnt 1
2 (1_72)

1 Int

S
t+u+1

OgEp =

where
T U

t=—, u=—,S = 41'raf)NR2/Bz,
B B

a, is the Bohr radius, R is the Rydberg constant, and
Q is a weighted integral of the target’s continuum
dipole oscillator strength that is routinely set equal to
unity in the BEB method.

We aso show in Fig. 2 two BEB estimates using
different sets of molecular orbital energies. The first
set are results of Hartree-Fock calculations at the
RHF /6-311 + g * level of theory () provided by
Winstead and McKoy [17). The second set (1) is
derived from correlated wavefunctions with semi-
empirical corrections to the binding energies as re-
ported by Nishimura et d. [13] The BEB method
with no empirical corrections to the HF wavefunc-
tions is about 70% of the measured value above 25
eV. The BEB estimate is poor near threshold since
its value drops to zero when the energy is less than
the Koopman's theorem ionization potential. The
BEB estimate accounts for over 80% of the mea-
sured cross-section using the correlated and empiri-
cally adjusted orbital energies. This behavior isillus-
trated in Fig. 3.

Motivated in part by this encouraging agreement
we explored correlations between the orbital-by-
orbital contributions and the measured partial ioniza-

L L . 1
20 30 40 50 80 70 80

Fig. 4. Contributions to the BEB cross-section from orbitals of
each symmetry scaled (by 1.4) to match the total cross-section at
70 eV. o, es; *, e, +, a5, and X, a,,. Solid lines are FTMS
cross-sections.
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tion cross-sections. The 33 filled molecular orbitals
of C,F transform in four symmetry groups: Se,,
Se,, 7a;,, and 6a,,. Twenty-five of these orbitals
contribute to the BEB cross-sections below 70 eV.
There are four pairs each of symmetry esand e,
5a,,, and 4a,, filled orbitals. Summing the
Hartree-Fock [ 17] contributions over each symmetry
and scaling to match the measured total cross-sec-
tions yields the partia ionization estimates shown in
Fig. 4. Although the numbers of symmetry groups
and observed fragments are both four, the thresholds,
shape, and relative magnitude of the cross-sections
have only qualitative similarities. This hint of a
correlation between orbital symmetry and partial ion-
ization may be worthy of further investigation.

4, Conclusions

The partia ionization cross-sections of perfluo-
roethane C,F, have been measured under single-col-
lision conditions using FTMS. The results are consis-
tent with the most recently published data for the
total ionization cross-section, and the details of parti-
tioning among the four charged products, CF;,
C, F;", CF*, and CF;" are quantified. Of these ions,
only CF; reacts with the parent molecule at room
temperature yielding C, F;", presumably by F~ trans-
fer. The observation of ion species other than CF;,
C, E', CF*, and CF; in glow discharges can be
ascribed to aternate processes such as ionization of
neutral radicals or the products of gas-phase neutra
reactions.

The ionization is also seen to be exclusively
dissociative. Based on the published vaues of the
total dissociation cross-section, the present results
alow us to conclude that the the proportion of
neutral dissociation decreases from 73% at 22 eV to
less than 22% at 70 eV.

The BEB model provides reasonable estimates of
the total ionization cross-section and, perhaps coinci-

-83-

dentally, suggests qualitative features that correlate
the symmetry of the molecular orbitals to the partial
ionization cross-sections.
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Abstract

The dissociative ionization of perfluoropropane, C;Fg, by electron impact has been measured under single collision
conditions using Fourier Transform Mass Spectrometry. The total ionization cross-section rises to a maximum value of
1.24 4+ 0.20 X 107 %% cm? at 140 eV. CF;" isthe most prominent ion fragment at all energies, followed by C,F;, CF*, CF,
C,F; and C,F; C,F5 is not observed. The ratio of dissociative ionization to total dissociation increases from 25 + 8% at
22 eV to no less than 70% from 70 to 200 eV. Among the ion fragments only C;F7 reacts at room temperature to produce

C,F. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Perfluoropropane, C;F, is used as a precursor for
reactive ion etching of semiconductors, as a gaseous
dielectric for insulation, and is a candidate for re-
placement of Halon fire suppressants. Earlier work
on dissociative ionization of perfluoropropane in-
cludes magnetic sector measurements by Beran and
Kevan [1] and quadrupole studies by Poll and Meis-
chner [2]. A need for better quality C,F; ionization
cross-sections was recently noted in a review of its
low energy electron transport characteristics by
Christophorou and Olthoff [3].

The partitioning of fragments among plausible
dissociation channels is of both practical and funda-
mental significance. Twenty-three of the 36 statisti-

* Corresponding author. Mobium Enterprises, 518 West Linden
St., Louisville, CO 80027-3124. Fax: +1-303-665-9122; e-mail:
phaaland@uswest.net

cally possible fragment ions satisfy normal valence
reguirements:

C,Fx* (x=0-8)

C,F’ (x=0-6)

CF/ (x=0-4)

F* and F;.
Only six of these 23 ions are observed to form by
low-energy electron impact:

CF

C,F

CF*

CFS

C,F/

C,F .
Others among this list of 23 are observed to form by
dissociative ionization from different precursors. For
example, C;F; and C,F; are formed by dissocia
tive ionization of perfluorocyclobutane, and are
therefore thermodynamically stable species®. The

! See for example [4].

0009-2614,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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selection among fragment channels is a result of
dynamical constraints on either the electronic states
to which C;F; is excited, or on the trgectory fol-
lowed by nuclei during the fragmentation of the
excited ion state.

While theoretical estimates of ionization by elec-
tron impact using ab initio molecular orbital theory
and the Binary Encounter Bethe (BEB) model have
provided insight into the total ionization cross-sec-
tions for some molecular species [5], there may be
value in exploring whether these methods provide
guidance on the number and relative importance of
the partial ionization cross-sections as well. We will
present a few observations and comments on this
question for the case of C;F, ionization below.

On a more practical note, the performance of
plasma etch chemistries based on fluorocarbons gen-
eraly — and C;F; particularly — is constrained by
ion kinetics. The partial ionization cross-sections can
be integrated with the electron energy distribution of
a gas discharge to evaluate the rates for production
of each ion species. This initial ion species distribu-
tion may be modified by charge transfer collisions
before or while the cations are extracted through a
plasma sheath to the reactor boundaries. Combined
with an understanding of the ion—molecule reaction
rates for the plasma species, the partial ionization
cross-sections permit estimates of the scaling of ion
fluxes and composition with reactor pressure and gas
mixture composition.

2. Experiment

Perfluoropropane C;F, (Aldrich, 99%) is mixed
with argon (99.999%, Matheson Research Grade)
and admitted through a precision leak valve into a
modified Fourier Transform Mass Spectrometry
(FTMS) system that has been described in detail
elsewhere [6,7]. lons are formed by electron impact
in a cubic ion cyclotron resonance (ICR) trap cell at
pressures in the 107 Torr range. An electron gun
(Kimball Physics ELG-2, Wilton, NH) located 2
meters from the trap irradiates the gas with a short
(2—-6 ms) pulse of a few hundred picocoulombs of
low-energy electrons. The motions of ions produced
by electron impact are constrained radidly by a

superconducting solenoidal magnetic field (=2 T)
and axially by anominal electrostatic trapping poten-
tial (1-2 V) applied to the trap faces that are perpen-
dicular to the magnetic field. lons of al mass to
charge ratios are simultaneously and coherently ex-
cited into cyclotron orbits using a stored voltage
waveform [8]. The image currents induced on the
two remaining trap faces are then digitized and
Fourier analyzed to yield a mass spectrum.

Calculation of the cross-section from the mass
spectral intensities requires knowledge of the gas
pressure, the electron beam current, and the number
of ions produced. It is particularly important that the
measurements are made during a time that is short
enough to preclude perturbation of the species’ dis-
tribution by charge transfer reactions. These calibra-
tion issues have been discussed elsewhere [6,7]. In
the measurements reported here we calibrate the
cross-sections using ratios of the ion signals to those
of Argon, whose cross-section is known to 4+ 12%
from the crossed beam measurements of Wetzel and
Freund [9].

The distribution of electron energies in the ion
trap, based on the solution of Laplace’s equation for
the experimental geometry, is roughly Gaussian with
a full-width-at-half-maximum of 0.5 eV due to the
electrostatic trapping bias. The mean energy is accu-
rate to +0.2 eV based on comparison of noble gas
ionization thresholds with spectroscopic data.

It is important to note that the ions are not
actually collected in the FTMS experiment; only
their electromagnetic influence on the antenna is
recorded. As a result, the spectrometer sensitivity is
neither mass nor species dependent for the results
described here. We estimate the accuracy in the
partitioning among ionic channels relative to argon
to be +4%. Combined with the precision of the
crossed beam measurements on argon, +12% [9],
we estimate the magnitude of the cross-sections pre-
sented here to be accurate within + 16%.

3. Results and discussion

The partia ionization cross-sections are displayed
in Fig. 1a. Cleavage of a C—C bond to produce CF;
has the lowest threshold and the highest yield at all
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Fig. 1. Partial ionization cross-sections of perfluoropropane by (8) FTMS: O, CFS; a, C;F7; ¢, CF*; O, CFJ; X, C,F,; @, C,F;
and (b) quadrupole mass spectrometry reported in Ref. [2].
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Comparison of cross-sections for electron impact dissociation (oy) and dissociative ionization (g;) of C5Fg

Energy (V) oy (107 cm?)  Error (107%¥ cm?) o, (107 cm?)  Error (107 cm?)  ¢/0y  mino /oy  max 0/ 0y
22 4.39 +0.87 1.06 +0.17 0.25 0.17 0.35
72 11.0 +22 10.5 +17 0.95 0.67 1.38

100 11.6 +23 11.6 +19 1.00 0.70 145

125 11.8 +24 11.9 +19 1.00 0.70 147

200 10.0 +20 9.8 +16 0.98 0.68 1.42

The values in the min and max columns are computed presuming one sigma variation of the reported total and ionic dissociation
cross-sections. The fact that all ionization is dissociative implies that values of /gy > 1 in the max ¢, /0y column are unphysical.

energies up to 200 eV. The next most abundant ion,
C,F;, is the result of C—F bond scission and is
formed in approximately 15% vyield above 40 eV.
This pattern is similar to that seen in dissociative
ionization of perfluorethane, where CF;” and C,F
are the most abundant products [10]. C,F,” and
C,F are formed with thresholds below 20 eV,
while CF™ and CF; have higher thresholds and
larger cross-sections above 100 eV. The present

results for CF;” formation are in excellent agreement
with the early quadrupole measurements of Poll and
Meichsner as illustrated by the solid curves in Fig.
1b [2]. The total ionization cross-section reported by
these authors is also in good agreement with the
FTMS data. However, the partitioning among the
remaining five dissociative pathways observed by
FTMS differs from prior results, as can be seen in a
detailed comparison of Fig. 1laand b. There are three

sz

1 1 1 1 1

0 g 1
0 20 40 60 80

100

120 140 160 180 200
eV

220

Fig. 2. Total ionization cross-sections for perfluoropropane. *, FTMS; O, Poll [2]; ©, Nishimura[12]; solid line, Christophorou and Olthoff

[3]; O, Beran and Kevan [1].
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arguments in favor of accepting the partitioning in-

ferred by the FTMS measurements

All ions are measured simultaneously, so that

pressure or electron beam current fluctuations do

not influence the relative ion yields.

- Theions are not collected as a current; only their
electrostatic influence is recorded and this is inde-
pendent of ion mass or chemical composition.

- The measurements are made at pressures and
times that preclude charge transfer reactions from
altering the measured species distribution.

The relatively high thresholds and small cross-
sections for production of CF* (21 eV) and CF; (27
eV) imply that the rates of their formation from C,F,
in a plasma will be much less than those for CF;
and C;F; formation.

The absence of the parent molecular ions, C;F4,
implies that ionization of perfluoropropane by elec-
trons is exclusively dissociative. The total dissocia-
tion cross-section has been reported by Winters and
Inokuti and is summarized in Table 1 [11]. At 22 eV,

x 107"

5

the lowest energy reported by Winters, the total
dissociation cross-section is four times that for disso-
ciative ionization. In other words, 25 + 8% of the
dissociation produces a positively charged fragment.
The balance of dissociation is, by inference, into
uncharged products. At energies between 72 and 200
eV, the total dissociation and dissociative ionization
cross-sections are equal within the combined uncer-
tainties of Winters' measurements and the present
FTMS results. This dramatic increase in the ionic
proportion of total dissociation with electron energy
was also observed with perfluoroethane [10]. Note
that neutral radicals are also produced even when
o, = oy; for example F is a neutral product of the
dissociative ionization process that forms C,F;.

Fig. 2 displays the total experimental cross-sec-
tions recently reported by Nishimura [12] and the
sum of the partia cross-sections presented here.
These total ionization cross-sections are in quantita-
tive agreement within the combined experimental
uncertainties of the measurements. Fig. 2 also shows

1.2

0.8

cm?

0.6

o T o

0.2

a e -

D
[N

H [
1 L 1 1 1

20

100

120 140 160 180 200
eV

220

Fig. 3. BEB estimated cross-sections (solid lines) and FTMS results for total (<) and partial (-) ionization. The measured values for CF;

and C;F;

are labeled; other partial ionization cross-sections are more clearly discerned in Fig. 1. The contributions to the BEB

cross-section for each of the four orbital symmetries are shown as solid lines.
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the values recommended in the recent review by
Christophorou [3].

Beran and Kevan [1] reported total cross-sections
for a range of halocarbons at 20, 35 and 70 €V in
1969. All of the cross-sections presented in their
paper were based on the magnitude of the argon
ionization cross-section at 70 eV reported by Asundi
and Kurepa in 1963 [13]. This value, 3.62 x 1016
cm?, is substantially higher than that reported by
Rapp and Englander—Golden 2.77 X 1076 cm? [14]
in a tota ionization tube, as well as more recent
magnetic sector 2.80 X 10~ ¢ cm? [15] and crossed
beam 2.91 X 10 ¢ cm? [9] results. When the data of
Beran and Kevan are scaled to the correct argon
ionization cross-section [9] they are consistent with
the present results at 20 and 35 eV but underestimate
the total cross-section by about 20% at 70 €V.

The total ionization cross-section can be calcu-
lated using the Binary Encounter Bethe (BEB) model
[5]. Briefly, this model sums contributions to the
total cross-section o using ab initio estimates of the
molecular orbital occupation numbers N, binding

energies B, orbital U, and incident T kinetic ener-
gies according to the formula

s [t 1
t+u+1| 2 (_ )

OBe =

where

t= I u= E S=4maiNR?/B?

B’ B’ & '
a, isthe Bohr radius, R is the Rydberg constant, and
Q is a weighted integral of the target’s continuum
dipole oscillator strength that is routinely set equal to
unity in the BEB method.

Fig. 3 shows the results of BEB cross-sections
estimates using CAS/SCF wavefunctions with
semiempirical corrections to the binding energies as
reported by Nishimura et al. [12]. The agreement
between the FTMS total cross-sections (<>) and the
calculated values is impressive. Motivated in part by

0.9
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o
[6;]
T
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»
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Collision Energy eV

Fig. 4. Fate of trandationally excited C;F; (O) as afunction of the center-of-mass kinetic energy to which the ion is excited. CFy (X) is
formed at all energies above 1.5 eV, with CF* (<) and CF; (O) being formed above 80 eV. Reactions occur at many collision energies as
the ions' velocities cascade down following momentum transfer collisions.
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this agreement and similar results obtained for per-
fluoroethane [10] we explored correlations between
the orbital-by-orbital contributions and the measured
partial ionization cross-sections. The 45 filled molec-
ular orbitals of C;F; transform in four symmetry
groups. 16a,, 7a,, 10b, and 12b,. Thirty-four of
these orbitals, 11a,, 6a,, 8b, and 9b,, contribute to
the BEB cross-sections below 200 e€V. Summing the
CAS Hartree—Fock contributions over each symme-
try yields the partia ionization estimates also shown
in Fig. 3. The contributions from each symmetry
group shown as solid lines are approximately the
same. However, the measured partial cross-sections
shown as dotted lines on the linear y-scale of Fig. 3
bear no correlation to the symmetry-grouped BEB
vaues. One might sum the a, and b, contributions to
match the CF; cross-section and split the b, cross-
section into four contributions to account for CF},
C,F,, C,F and CF* while leaving the b, orbitals
to account for C,F;, but these would be arbitrary
assignments. None of the contributions grouped by
symmetry have thresholds over 20 eV as observed
for C,F,” and C,F". We conclude that, although the

BEB model provides a good estimate of the tota
ionization cross-section for C;Fg, the partitioning
among dissociative channels is not captured by
grouping contributions of like orbital symmetry.

One can also probe the evolution of ion composi-
tion due to room-temperature charge transfer reac-
tions by introducing a delay between ion formation
and mass spectral evauation in the FTMS experi-
ment. In this way we find that the most abundant
CF; ion does not react with C;F,. The next most
abundant ion, C,F;, reacts with perfluoropropane to
yield C,F" and neutral products with a rate coeffi-
cient of approximately 2 x 1071 em® s™*. C,F,
CF,, CF" and C,F," do not react at room tempera-
ture with perfluoropropane.

C,F; was isolated in the trap by resonantly
gecting al of the other ions produced from 50 eV
electron impact. 5% of these C,F; ions yield CF;
in the room-temperature trap within 300 ms. The
remaining 95% of the C;F; ions collide with perflu-
oropropane to produce C,F.;. FTMS experiments do
not resolve whether the excess energy in C;F; that
leads to CF; is electronic, vibrational, or rotational.

1 T T T T T
o CF*
09 lo) B
0.8+ |
0.7+ ° 4
0.6 -
[=
.0 o
‘6 +
S 05f CF y
= 3
_g O 0 o o0 uD
0.4 §
oo
0.3F o O oo o B
.
0.2 AcsF7 i
o
01r 02
' A o+ 422 ) 'S
‘e‘ 3 A 'y X 99
4 5®
0 | . | ‘+1A| & 3. l 1
107" 10° 10' 10° 10°

Collision Energy eV

Fig. 5. Fate of trandationally excited CF* (O) as a function of the center-of-mass kinetic energy to which the ion is excited. The most
prominent products CF; (O) and C;F; (a) are labeled. Low yields of CF; (<), C,F," (X) and C,F (*) are also shown.
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However, it is clear that internally excited C,F;
with enhanced reactivity is formed by 50 €V electron
impact. This collisional decomposition of excited
C,F; may account in part for its smaller partial
ionization cross-section reported by Poll and Meich-
sner [2].

lonization of perfluoropropane by charge transfer
was probed by selectively sweeping all but one ion
species from the trap and exciting its cyclotron mo-
tion to larger orbits, then monitoring the fragmenta-
tion. We find that CF; is the predominant product
of kinetically excited charge transfer whether the
reactant ion is CF*, CF;, C,F,, C,F", Ar" or
C,F;. Typical results for the reactions of translation-
aly excited C;F; and CF* in Figs. 4 and 5. At
room temperature 5% of the C;F; ion is internally
excited and has decomposed on the timescale of the
measurements. The remaining, thermodynamically
stable ion is converted to CF; starting at center-of-
mass kinetic energies of 1.5 eV, with the dissociation
or charge transfer half complete at 27 €V and maxi-
mized when the C,F;: C;F; collision energy has
been raised to 95 €V. As the energy increases above
90 eV new channels that produce CF*™ and CF, are
opened at the expense of CF; production. Transla
tionally hot CF* also produces CF;” with a similar
kinetic energy dependence as shown in Fig. 5. A
C,;F; product channel opens at about 1 keV colli-
sion energy.

The low threshold and large cross-section for
production of CF; and its failure to react further
with perfluoropropane leads one to conclude that this
species should dominate the reactive flux in a plasma
that contains C;F;. This prediction is strengthened
by the fact that conversion of the other five ion
species to CF; occurs at kinetic energies compara
ble to those expected from the electrostatic sheath in
typical plasmareactors. If the sheath is collisional, in
other words if the collisional mean-free path is less
than the sheath thickness, one expects further en-
hancement of the CF; flux by charge transfer.

4. Conclusions
The partial ionization cross-sections of perfluoro-

propane C;F; have been measured under single col-
lison conditions using Fourier Transform Mass

Spectrometry. The results are consistent with the
most recently published data for the total ionization
cross-section, and the details of partitioning among
the six charged products, CF;, C,F;, CF*, CF;,
C,F, and C,F; are quantified. Of these ions only
C,F; reacts with the parent molecule at room tem-
perature, yielding C,F.. Translationally excited ion
fragments do react with perfluoropropane yielding
CF; asthe principa product. The observation of ion
species other than CFJ, C,Ff, CF", CF,, C,F,
and C,F. in plasmas must therefore be ascribed to
aternate processes such as ionization of neutra radi-
cals, the products of gas-phase neutral reactions, or
ion—radical reactions.

The ionization is aso seen to be exclusively
dissociative. Based on the published values of the
total dissociation cross-section the present results
allow us to conclude that the contribution of neutral
dissociation to total dissociation decreases from 75%
at 22 eV to less than 30% from 75 to 200 eV.

The Binary Encounter Bethe model provides a
reasonable estimate of the total ionization cross-sec-
tion, but partitioning the contributions among or-
bitals of like symmetry does not reproduce the ob-
served fragmentation pattern.
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Abstract

Cross-sections for eectron impact ionization of octafluorocyclobutane (¢-C,Fg) have been measured from 10 to 200 eV
by Fourier transform mass spectrometry. No parent ion is observed, and over half of the dissociative ionization yields C,F,;
and C,F;". Eleven other fluorocarbon cations are produced with smaller cross-sections, giving a total ionization cross-section
of (1.6 + 0.2) X 10™'% cm? between 80 and 200 eV. Only CF; and C,F; react further with the parent molecule to yield
C,F; as the primary product. No evidence of cationic polymerization was found. F~ and C,Fg are formed by electron
attachment at energies below 10 eV, but neither reacts further with ¢-C,F;. © 1998 Elsevier Science B.V. All rights

reserved.

1. Introduction

Octafluorocyclobutane (¢-C,Fy) is a good high-
voltage insulator, and the electron attachment to this
molecule has been extensively studied [ 1 -18]. ¢-C ,Fy
is also used as a reagent for reactive ion etching of
semiconductors [19], where recent studies have
shown that positive ions are intimately involved in
the surface deposition and etching processes [20].
Early data on the ionization cross-section of this
fluorocarbon at 35 eV [4] and 70 eV [21] have
recently been updated with quadrupole mass spec-
trometry measurements by Sugai and co-workers
[22]. The sensitivity of quadrupole instruments is
inherently nonlinear with mass, so here we present a
complete characterization of the partial ionization of

* Corresponding author. Fax: + 1 937 656 4657; E-mail:
alan.garscadden @ wl.wpafb.af.mil

c-C,F; using Fourier transform mass spectrometry
(FTMS) technique.

Although positive ion formation by electron im-
pact in plasmas is essential to maintain the conduc-
tivity that characterizes the plasma state, the stoi-
chiometry of ion species can be modified by charge
transfer reactions before ions diffuse to the boundary
and are extracted by electrostatic sheath fields. We
therefore also present an investigation of the evolu-
tion of positive and negative ion composition that
results from reactions of the dissociatively ionized
fragments with the parent ¢-C,Fg.

2. Experimental

Octafluorocyclobutane (99 + %, TCl America) is
mixed with argon (99.999% Matheson Research
Grade) with a ratio (¢c-C,F;:Ar) of 1:2, and admitted
through a precision leak valve into a modified Extrel
FTMS system that has been described in detail else-

0009-2614 /98 /$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.
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where [23]. lons are formed by electron impact in a
cubic ion cyclotron resonance (ICR) trap cell at
pressures in the 10~7 Torr range. An electron gun
(Kimball Physics ELG2, Wilton, NH) irradiates that
trap for 6 ms with a few hundred picocoulombs of
low-energy electrons. The motions of the ions are
constrained radially by a superconducting solenoidal
magnetic field (~ 2T) and axialy by a nominal
electrogtatic potential (1 V) applied to the trap faces
that are perpendicular to the magnetic field. lons of
all mass-to-charge ratios are simultaneously and co-
herently excited into cyclotron orbits using a stored
waveform [24,25] applied to two opposing trap faces
that are parallel to the magnetic field. Following
cyclotron excitation, the image currents induced on
the two remaining faces of the trap are amplified,
digitized, and Fourier analyzed to yield a mass spec-
trum.

Calculation of cross-sections from the mass spec-
trum intensities requires knowledge of the gas densi-
ties, the electron beam current, and the number or
ions produced. These calibration issues have been
described previously [23,25,26]. The intensity ratios
of the ions from ¢-C,F; to Ar* give cross-sections
relative to those for argon ionization [27] since the
¢-C,F:Ar pressure ratio is quantified by capacitance
manometry of the gas mixture. The absolute ¢-C,F
pressure at the ICR trap that is needed for ion-mole-
cule kinetic analysis is inferred from the rate coeffi-
cient of the known reaction of O; with ¢-C,F, [28].

The distribution of electron energies in the trap,
based on the solution of Laplace's equation for the
experimental geometry, is roughly Gaussian with a
full width at half maximum of 0.5 eV due to the
electrogtatic trapping bias {23]. The mean energy of
the irradiating electrons is accurate to +0.2 eV
based on comparison of noble gas ionization thresh-
olds with spectroscopic data. We fit the cross-section
data to an empirical functional form using a limited
number of parameters:
w(e—T)
—¢

o = Atanh ~k(e=T)

where ¢ is the cross-section, € is the electron
energy, T is the appearance potential, A scales the
amplitude, o quantifies do/de near threshold, and
k characterizes the higher-energy behavior.

3. Results and discussion

Electron impact ionization of ¢-C,F; produces
thirteen ion species, with C,F;" and C ;F;" compris-
ing over half of the yield from the threshold to 200
eV. Other fragment ions include CF,” and C,FS
with x = 1-3, C;F; with y = 1-4, and F*. The
molecular ion, C,Fy, is not found by electron im-

Cross Section (sz)

Cross Section (cmz)

50 100 150
Mean Electron Energy Through Trap (eV)

Fig. 1. (8 and (b): Cross-sections for ionization of ¢-C,Fy by
electron impact. Points represent experimental data, and solid
lines are fits of the equation described in the text.
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pact. The total ionization cross-section reaches a
maximum value of (1.6 + 0.2) x 107!'° ¢cm? a 80
eV, and levels off thereafter. The cross-sections for
each dissociative ionization process as a function of
the electron energy are shown in Fig. 1 and the
coefficients for our functional fit are summarized in
Table 1. Data in Fig. 1 are compared to the previ-
ously reported findings, namely, the ionization
cross-sections at 35 eV [4] and 70 eV [21] measured
with magnetic mass spectrometers, and a recent
guadrupole mass spectrometry measurement of the
dissociative ionization [22]. There are significant dif-
ferences in the dissociative ionization cross-sections
among the data from these measurements including
the present FTMS assessment. The quadrupole mea-
surement by Sugai and co-workers [22] reports 6
ions while the FTMS measurement yields quantita-
tive results for 13 species whose cross-sections ex-
ceed 107'® cm?. The FTMS technique is intrinsi-
caly independent of ion mass. The ions are not
collected, rather their influence on the near-field
antennae, which is a consequence only of their or-
bital motion and Maxwell’s equations, is the mea-
sured quantity. Furthermore, the combination of low
reagent pressures (10~7 Torr) and short observation
times (ms) precludes modification of the ion ensem-
ble by charge transfer collisions. Finally, the FTMS
experiment setup lacks a proximal filament on which

Table 1

Fitting parameters for dissociative ionization cross-sections. lons
are listed in the order of increasing mass. Also listed are the
cross-sections at 70 eV, o, in units of 107 ¢ cm?

lon A k o T [ed
(cm?) (ev™hH V) (V)
F* 2.4X 1078 -4.2X 107 127 27.4 0.02

16x 107% 146 204 28
14x 107* 190 223  0.05
27X107% 138 198 097
27x107% 230 274 0.09
45x1073 166 234 015
1.6~ 107377 190 15
38X107%* 177  25.7 0.20
56x107% 112 211 0.0
45x1073 140 214 056
C,Ff 48x1071¢ 80X 107%*5 5 169 45
C;Ff 96X10718 33x 107* 111 219 007
C,Ff 45X107' -14X107* 5 6 175 43

CF+ 37x10716
C,F* 91x1071®
CF;y  13x1071¢
C,F*  17x107"
C, B 24x107"
CF; 1.8X107'°
C,F}  34x107 Y
C,Ff 30x107"
C,F  85Xx107V

pyrolysis can produce new species that confound
interpretation of the mass spectrum.

Gas-phase reactions of the above positive ions
with neutral ¢-C,F; are studied by double resonance
experiments. Each of the ions is isolated and the
mass spectrum is recorded at programmed reaction
times. Only CF, and C,F; are found to react,
yielding C ; F;" as the major product ion, reactions

1-(10).

CF; + ¢-C,F, > CFf + (C,F,) 14% (1)
S C,E + (C,F,) 5% )
- C3Ff + (C,F;) 2% (3)
L C,FF + (C,F,) 53% (4)
- C,E’ + (CF,) 6% (5)
— C,F} + (CF) 20%, (6)
C,F; + ¢-C,F, = CF+ + (C5E,,) 3% 7)
- C,F' + (C,F,) 7% (8)
— C;F + (C;K) 81% %)
S C,EF + (C,E,) 9%. (10)

Formulae in the parentheses of the equations do not
necessarily imply the actual neutral product composi-
tion. These reactions do not significantly change the
overal ion composition of a ¢-C,F; plasma, since
the relative concentrations of the reactant ions, CF,’
and C,F;, are very small. Therefore, one can expect
that C,F;" and C,F; are the major ionic species
reaching the surface from the plasma. Reactions of
several selected rare-gas ions with ¢-C,F; are aso
studied, with major product ions shown in reactions
(11)-16).

Art+¢-C,Fy > C,F + (C,F,) + Ar 50% (11)

- C,FEf + (CF,;) + Ar 46%, (12)

Kr* + ¢-C,Fy —» C,F + (C,F,) + Kr 81% (13)

— C,F; + (CF,) + Kr 16%, (14)
Xe* + ¢-C,F, = C,F + (C,F,) +Xe 46%

(15)

— C,F + (CF,) +Xe 52%. (16)

Minor product ions (with ~ 1% branching ratios)
from Ar* reaction include F*, CF*, CF; and C,F¥,
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from Kr* reaction, F*, CF;” and C,F*, and from
Xe* reaction, C,F* and C,F;. Although no molec-
ular ion is produced by electron impact, it is found as
a minor product of charge transfer from Xe*. The
parent ion has an orbitally degenerate electronic
structure and so is subject to the Jahn-Teller distor-
tion. The energy liberated during distortion is too
great for the molecular ion to remain bound, result-
ing in fragmentation forming mainly C,F,” and
C,F;". The charge transfer reaction occurs over a
much longer time scale, so that nuclear potential
energy of the ¢-C,F; can be shared with the depart-
ing Xe atom through the long-range Langevin poten-
tial. The result is stabilization of a distorted C,F;
ion that may or may not retain the cyclic structure.

Rate coefficients are obtained by fitting ordinary
differential equations to the time varying ion distri-
butions such as those shown in Fig. 2. Table 2
summarizes these coefficients for reactant ions
formed by electron impact at 20, 35, and 50 eV. The
rate coefficients are independent of the energy with
which the reactant ion is formed within our experi-
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4 oo o o= v A L
“a F,* r
M CF*
é,, 0.1 __ ,;:'z‘;';_-';'_‘:‘;":l':‘Er—!—!—!—!—z—:—=—=—'=—=—'a‘
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g ] CF,* N At CE L
S 2 a
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Fig. 2. Time evolution of positive ion species produced by 50 eV
electron impact at a mixture of ¢-C,F; and Ar (1:2) with a total
pressure of 3.3 X 10~7 Torr. Data are shown only for the ions
whose intensities change as the time. Points represent experimen-
tal data, and solid lines are fits of a kinetic model which gives the
reaction rate coefficients presented in Table 2.

Table 2

lon-molecule reaction rate coefficients in units of 1072 cm? s,
measured in three separate experiments, 1-3, in which the pri-
mary ions are formed by electron impact at 20, 35 and 50 eV,
respectively

Reaction Experiment 1  Experiment 2 Experiment 3
CF; +C,Fy, - 0.47 + 0.05 0.47 + 0.05
C,Ff +C,Fy - 0.33 £ 0.05 0.30+0.05
Art +C,Fy 1540.2 1.3+02 13402

mental uncertainty. This implies that internal excita-
tion of the reactant ion, if it occurs by energetic
electron impact, does not change the charge transfer
Kinetics.

Attachment is not probed by beam electrons in
our FTMS instrument because space-charge limits
propagation of low energy electron beams along the
1 m path from the electron gun to the ion trap.
Instead, we use the secondary electrons that are
produced by ionization of the reagent gases and are
trapped in the ICR cell along with negative ions. In
experiments, a 50 eV electron beam irradiates the ion
trap for an extended period (80 ms). The secondary
electrons produced at different locations along the
trapping axis of the cell are born with different
electrostatic potential energies. These electrons un-

14x10° [,
- - [
12 C,Fy
®
Z 10+
‘é‘ L]
=)
g °
>
> L]
=
& 6
&
= .
< 4+
F A A
A
A
A
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0 - A r
T T [ [ [ T
0 2 o 6 8 12
Tripping Potential (-V)

Fig. 3. Negative ion yields from trapped secondary electrons as a
function of the applied trapping potential. The primary electron
energy is 50 eV, and the electron beam period is 80 ms.
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dergo damped harmonic motion in the trapping po-
tential, where the damping arises from electron-neu-
tral collisions with reagent gas. As the electrons
cascade down in energy they have an opportunity to
attach as well as be cooled by momentum transfer.
Increasing the magnitude of the trapping potential
increases the initial potential energy at which the
secondary electrons are formed, so that processes
with successively higher thresholds may be probed.
Although this approach lacks the energy resolution
of crossed beam measurements, it has the advantage
that further reactions between anionic products of
attachment and the parent gas may be conveniently
probed. Fig. 3 shows the negative ion yield as a
function of trapping potential for attachment to c-
C, F; . Previous reports found a resonance for ¢-C, Fy”
peaking at 0.45 eV [8] and multiple resonance peaks
for F~a ~ 5eV and higher energies[2,8]. Our data
in Fig. 3 are quditatively consistent with these find-
ings. Production of F~ from ¢-C,F; is a classic
illustration of dissociative electron attachment, and
has been extensively reported [2—4,9,14]). The obser-
vation of C,F; at the low pressures (< 107° Torr)
and long experiment times (up to 1 s) of FTMSis
more unusual, since there are no departing fragments
to satisfy energy conservation in the exit channel
leading to a single anion. While emission of infrared
photons may stabilize the association product, one of
the ring bonds in ¢-C,F; may be broken while
retaining the stoichiometry of the parent molecule.
No reaction is found between either C,F; or F~
and neutral ¢-C,F;, which exclude the possibility
that C,F; is formed by the reaction of F~ with
¢-C ,F; during the extended electron beam period.

4. Conclusions

Thirteen positive ions are produced by electron
impact on ¢-C,F, with C,F,;" and C,F;" to be the
predominant fragment ions and a total ionization
cross-section of (1.6 + 0.2) x 10~ !5 cm? between 80
and 200 eV. No parent molecular ion C,F; is
observed. Relaxation of the ion composition by
charge transfer reactions implies that ion fluxes will
be comprised mainly of C,E;” and C ,F" under
many plasma conditions. No evidence of cationic
polymerization to form heavier ions was identified.

Two negative ions are observed to form following
impact of electrons with less than 10 eV of energy.
F~ arises from standard dissociative attachment,
while the formation of C,F; involves either emis-
sion of aphoton or stabilization by ring-opening.
Neither F~ nor C,F; reacts with ¢-C,F;.
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Ionization of N I3 by electron impact

P.D. Haaland, C.Q. Jiao, and A. Garscadden
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Ohio, 45433

Abstract

The dissociative ionization of N F3 by electron impact has been measured by Fourier
Transform Mass Spectrometry (FTMS). The total ionization cross section rises to
a maxiumum value of 2.4 + 0.4 x 10~ '6¢m? at 140 eV. Estimates of the total cross
section using Ab initio energies with the Binary Encounter Bethe [1 or Deutsch
Mark [2 models are roughly twice the measured values. The partial cross sections
creating NFF (z =0,1,2,3), F*, and NF?* (z = 1,2,3) are reported. Differences
between the FTMS results and quadrupole data and fast atom beam results of
Tarnovsky et al. [3 are discussed.

1 Introduction

Nitrogen trifluoride (N F3) provides efficient in situ plasma etching and ther-
mal cleaning of semiconductors and liquid crystal display panels. Its advan-
tages over fluorocarbon based compositions include higher etch rates for equiv-
alent plasma power densities. better etch selectivity, minimal residual contam-
ination, and negligible global warming potential. [4] This etch precursor is pro-
duced in large quantities; demand for NFj in Japan increased to 150 tons in
1999 and was expected to double in 2000 [5]; BOC Edwards has launched con-
struction of a facility to produce 250,000 kg/year in Pelindaba, South Africa.
[6] N F3 is also used as an oxidizer in high power HF and DF chemical lasers, [7]
and as a reagent for chemically reactive interface mass spectrometry [8]. Nat-
urally occuring N Fj has recently been identified in fluorites and metamorphic
rocks. [9]

The dissociative ionization of this small molecule is also interesting as support
for tests of quantum mechanical constraints on the partitioning among frag-
ments in ionization processes. [10. Electron impact ionization of N Fy has been
studied with magnetic sector, quadrupole, and fast atomic beam techniques
by Tarnovsky et al.[3] The cross section for production of the parent NFj"

Preprint submitted to Elsevier Preprint 21 February 2001
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ion was quantified, as were values for generation of NF*, and NF; . Upper
bounds were placed on the yields of N*, and F'*.

In this letter we extend the dynamic range of prior work on partial ionization
of NFj3 to quantify the partitioning among fragments and to identify dication
formation processes. We also compare the total ionization cross sections to
estimates based on ab initio electronic structure and the Binary Encounter
Bethe model of Kim and Rudd. [1]

2 Experiment

Nitrogen trifluoride NF3 (Scott Specialty Gases, 99%) was mixed with argon
(99.999%, Matheson Research Grade) and admitted through a precision leak
valve into a modified Fourier Transform Mass Spectrometry (FTMS) system
that has been described in detail elsewhere. [11,12] No impurities other than
very small traces of water vapor were identified in the mass spectrum. Ions are
formed by electron impact in a cubic ion cyclotron resonance (ICR) trap cell
at pressqures in the 107 Torr range. An electron gun (Kimball Physics ELG-
2, Wilton, NH) located 2 meters from the trap irradiates the gas with a short
(2-6 ms) pulse having a few hundred picocoulombs of low-energy electrons.
The motions of ions produced by electron impact are constrained radially by
a superconducting solenoidal magnetic field (~ 2 T) and axially by a nomi-
nal electrostatic trapping potential (1-2 V) applied to the trap faces that are
perpendicular to the magnetic field. Ions of all mass to charge ratios are simul-
taneously and coherently excited into cyclotron orbits using a stored voltage
waveform. [13) The image currents induced on the two remaining trap faces
are then digitized and Fourier analyzed to yield a mass spectrum.

Calculation of the cross section from the mass spectral intensities requires
knowledge of the gas pressure, the electron beam current, and the number of
ions produced. It is particularly important that the measurements are made
during a time that is short enough to preclude perturbation of the species’
distribution by charge transfer reactions. These calibration issues have been
discussed elsewhere. [11,12] In the measurements reported here we calibrate
the cross sections using ratios of the ion signals to those of Argon, whose cross
section is known to +/ — 12% from the crossed beam measurements of Wetzel
and Freund. [14]

The distribution of electron energies in the ion trap. based on the solution of
Laplace’s equation for the experimental geometry, is roughly Gaussian with a
full-width-at-half-maximum of 0.5 eV due to the electrostatic trapping bias.
The mean energy is accurate to +0.2eV based on comparison of noble gas
ionization thresholds with spectroscopic data.
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It is important to note that the ions are not actually collected in the FTMS
experiment; only their electromagnetic influence on the antenna is recorded. As
a result, the spectrometer sensitivity «s neither mass nor species dependent for
the results described here. We estimate the accuracy in the partitioning among
ionic channels relative to argon to be +4%. Combined with the precision of the
crossed beam measurements on argon,+12%[14], we estimate the magnitude
of the of the cross sections presented here to be accurate within £16%.

3 Results and Discussion

Five singly charged ions, N*, F* NF(x = 1,2,3) as well as three dica-
tions, NF2*, (z = 1,2, 3) were observed to form with cross sections exceeding
1072%¢m? below 200 eV. The high mass resolution of FTMS was particularly
useful in distinguishing the contributions of F'* and H;O™ at a nominal mass
of 19 amu, as illustrated in figure 1. Experimental results for each of the eight

ionized products are shown in figure 2.

Ionization of N F3 has been reported using fast atom beam, magnetic sector,
and quadrupole instruments by Tarnovsky et al. [3]. These measurements were
calibrated, as were the present results, with reference to the crossed beam de-
terminations of argon ionization by Wetzel and Freund.[14] The cross sections
for production of the parent NF;" ion and the total ionization cross section
are in excellent agreement among the various methods. There are differences,
however. in the partitioning among dissociatively ionized fragment channels
as can be seen in table 1 for 70 eV electron impact and more generally in
figure 3. One way to rationalize these differences is to consider the internal
energy of molecules that comprise the fast atom beam. NFj is ionized in a
Colutron ion source and the NFj ions are accelerated to several keV. then
neutralized by charge transfer from Xe. Internal vibrational [15] or electronic
[16 excitation in the collisionally neutralized molecule may play a role in the
enhanced fragmentation observed in the beam experiments.

The dynamic range of the FTMS experiments reveal cross sections for N* and
F7 shown in figure 2, and are consistent with the upper bounds of 0.1 and
0.3210em? reported by Tarnovsky et al. The yield for the doubly charged
ions is small, with the ordering among N F?2* yields different than that for the
corresponding monocations.

The total ionization cross section can be calculated using the Binary Encounter
Bethe (BEB) model.[1] Briefly, this model sums contributions to the total cross
section o using ab initio estimates of the molecular orbital occupation numbers
N, binding energies B,orbital U, and incident T' kinetic energies according to

- 104 -


AFRL\WSCL
- 104 -


the formula:

B S QInt 1 1 Int
UBEB_t—I—u-i—l[ 2 (1_t_2>+(2_@ <1_¥_t+1>]

where

%, S = 4ra’NR?/B?,

, — B’ u =
a, is the Bohr radius, R is the Rydberg constant, and Q is a weighted integral

of the target’s continuum dipole oscillator strength that is routinely set equal
to unity in the BEB method.

Figure 4 shows the results of BEB cross section estimates using orbital bind-
ing and kinetic energies computed by Winstead from ab initio theory at the
RHF/6-3114+G(2d) level of theory. [17) This overstimation is retained when
the experimental ionization potential is used with uncorrelated wavefunctions
at a similar level of theory. [18] Theoretical estimates using the Deutsch-Mark
formalism also overestimate the magnitude of the total ionization cross-section
by a factor of &~ 2, where similar discrepancies between theoretical and exper-
imental values were found for NF, and CF, ionization. [2] Huo has recently
reported cross sections based on the Binary Encounter Dipole method [1] us-
ing correlated wavefunctions for the first four ionization potentials. [19 The
results of these calculations are in much better agreement with the present
experimental results than those of either the BEB or DM approach.

NFy displays the intriguing characteristic that. with the exception of F}", all
possible ion fragments are observed. Similar results have been reported for
isovalent N Hj3.[20] The parent N H; ion is formed with a low threshold, but
yields of more extensively dissociated NH* and NH; are higher above 80
eV. The proportion of atomic H* and N* are lower than that of the parent
ion, and one doubly charged ion is reported. Quantitative comparison of the
thresholds and cross sections for ammonia and nitrogen trifluoride displays
different ordering, but the only qualitative differences in the spectra are the
formation of diatomic H; and the absence of NH?*(z = 1,2) from the ammo-
nia spectra. The electronic structures of NF, and NF, have been extensively
studied, primarily with a view to establishing the thermodynamic properties
of various ion and neutral species. [21,22] The ground electronic state is or-
bitally non-degenerate. so that no Jahn-Teller distortion from Cj, symmetry
is predicted, although the lowest energy conformation is predicted to have a
larger dihedral angle than that of neutral NF3 . [17 Closer examination of
the potential energy of the NF; ion potential energy surfaces may, on com-
parison with those for N H; . provide insight into quantum constraints on the
fragmentation patterns of these small molecular ions.
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4 Conclusions

The cross sections for ionization of nitrogen trifluoride by electron impact
have been measured from threshold to 200 eV by Fourier Transform Mass
Spectrometry. The cross section for production of NF; (0.38+0.06210¢m?)
and the total cross section (2.4 & 0.42107'%¢m?) are in excellent agreement
with earlier measurements. The yield of less extensively dissociated NFy" is
found to be higher than previously reported, and full cross sections for Nt
and F'T are reported. Three dications, NF2"(z = 1,2,3), are also observed
to form with cross sections of (2.7,34, and 8.4x1072°cm?), respectively, at
100 eV. The Binary Encounter Bethe and Deutsch-Mark models overestimate
the total ionization cross section by a factor of about 2. It is suggested that
comparison of the fragmentation patterns for ammonia and nitrogen trifluoride
may provide insight into quantum constraints on dissociative ionization.

5
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Table 1
Comparison of partial ionization cross sections from FTMS, fast atom beam,
quadrupole, and magnetic sector techniques ([3]) following 70 eV electron impact.

species | FTMS | error Beam error | Quadrupole | error | Sector
NFy 0.38 | £0.06 0.347 | £ 0.03 0.35 | £0.03 | 0.348
NFy 1.58 | £0.25 1.05 £0.20 1.03 | £0.05
NF* 0.44 | £0.07 0.70 £ 0.15 0.49 | £0.04
Nt 0.024 | £0.004 | <0.3 0.33 | £0.05
Ft 0.004 | £0.0006 | <0.1 0.09 | £0.01

Fig. 1. Fourier Transform mass spectrum of NF3 at 45 eV allows discernment of
ion signals between dissociative ionization product FT from H3zO™" that is produced
from the very fast protonation of background water vapor.

Fig. 2. Partial ionization cross sections for electron impact on N Fj from threshold to
200 eV. Legend: (+)NFy", (o)NF*, (x)NF;". (z)FT, (O)NT, (o)NFiT, (v)NFZT,
and (A)NF?t,

Fig. 3. Comparison of partial ionization cross sections for production of singly
charged fragments from the fast atom beam method of ref [3 (o) and FTMS (solid
lines).

Fig. 4. BEB estimated cross sections using RHF/6-311+G(2d) wavefunctions x
[17]. correlated wavefunctions and the BED model according to Huo [18](solid line),
FTMS data including contributions from dications (o). and expermental results of
Tarnovsky et al. (¢).
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Appendix I Ionization of tetraethyl germane, Ge(C;Hs)4
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Abstract. The ion chemistry in tetraethylgermanium (GeEts) has been examined by Fourier-
transform mass spectrometry under single-collision conditions in the 10~7 torr pressure range.
The cross sections for electron impact ionization of GeEt, are measured from threshold to 70 eV.
The molecular ion and 15 fragment ions from the electron-molecule collision are observed with
atota cross section of 3.5 £ 0.4 x 10715 cm? a 70 V. All fragment ions, except GeCsH7s,
are found to react readily with GeEty to yield GeC5H1+5, with rate coefficients in the range of
2-5 x 10719 cm?3 s~! Small yields of digermanium cluster ions are observed at higher reactant
pressures.

1. Introduction

Amorphous materials can be divided into two categories based on their electronic structures
and properties: amorphous semiconductors and amorphous dielectrics. The transition between
the dielectric and semiconducting properties occurs as the preparation conditions for these
materials change [1-5]. One such transition is described in recent studies of germanium:carbon
films prepared by plasma deposition from aklylated germanes [6-15]. Gazicki and his co-
workers [10~15] correlated the stoichiometry and bulk electrical properties of films deposited
from tetraethylgermanium plasma with radio-frequency power levels. They link the transition
from dielectric to semiconducting films to changes in the composition of the plasma. In spite of
the previous research activities, and the fact that these germanium:carbon films are important
elements of coatings and semiconductors, only limited information about the el ectron impact
ionization of tetraethylgermanium has been reported, namely, the cracking patterns at 50 eV
[16]and 70 eV [ 17]. In this paper we present measurements of the ionization cross sections of
tetraethylgermanium (GeEt,) for electron energies from threshold to 70 eV. Rate coefficients
for the reactions of fragment ions and Ar* with neutral GeEt, are also reported.

2. Experimental

Tetraethylgermanium (99%, Aldrich) gas is mixed with argon (99.999% Matheson Research
Grade) in a GeEty:Ar of 1: 1.3, as determined by capacitance manometry. The mixture
is admitted through a precision leak valve into a modified Extrel Fourier-transform mass
spectrometry (FTMS) system which has been described in detail elsewhere [18]. lons are
formed by electron impact in a cubic ion cyclotron resonance (ICR) trap cell at pressuresin the
10-7 torr range. An electron gun (Kimball Physics ELG2, Wilton, NH) irradiates the trap with

§ Present address. AFRL/PRPS, Bldg 450, 2645 Fifth Street Ste 13, Wright-Patterson AFB, OH 45433-7919, USA.
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a few hundred picocoulombs of low-energy electrons. The motions of the ions are constrained
radially by a superconducting solenoidal magnetic field (~ 2 T) and axialy by an electrostatic
potential (1 V) applied to the trap faces that are perpendicular to the magnetic field. lons of al

mass-to-charge ratios are simultaneously and coherently excited into cyclotron orbits using a
stored waveform [ 19,201 applied to two opposing trap faces which are parallel to the magnetic
field. Following cyclotron excitation, the image currents induced on the two remaining faces
of the trap are amplified, digitized and Fourier analysed to yield a mass spectrum.

The calculation of cross sections from the mass spectrum intensities requires a knowledge
of the gas densities, the electron beam current and the number of ions produced. These
calibration issues have been described previously [ 18,211. The intensity ratios of the ions
from GeEty to Ar* give cross sections relative to those for argon ionization [22] since the
GeEty:Ar pressure ratio is fixed.

The distribution of electron energies in the trap, based on the solution of Laplace's equation
for the experimental geometry, is roughly Gaussian with a full width at half maximum of 0.5 eV
due to the electrostatic trapping bias [ 18]. The mean energy of the irradiating electrons is
accurate to f0.2 eV based on comparison of noble gas ionization thresholds with spectroscopic
data. We fit the cross section data to an empirical functional form:

where ¢ is the cross section, ¢ is the electron energy, T is the appearance potential, A scales
the amplitude, « quantifies do/de near threshold and k characterizes behaviour at energies
>T.

3. Results and discussion

Tetraethylgermanium ionization was first reported 30 years ago with cracking patterns at 50
and 70 eV [16, 17]. At these energies the most abundant ion is GeC4H7;, with minimal but
detectable concentrations of Ge(C,Hs);. The present measurements confirm the cracking
patterns at 50 and 70 eV and provide new data on dissociative ionization at other electron
energies that are important for plasma processing. The calibration with Ar and the lack of
mass dependence in the detection sensitivity of our FTMS instrument quantify the partial
ionization cross sections for this molecule.

Of the 378 ion stoichiometries which might be formed on statistical grounds by ionization
of Ge(C,Hs)4, only 15 are formed with cross sections greater than 2 x 10~18 ¢cm?. The most
abundant ion fragments that contain Ge are illustrated in scheme 1 with relative yields at 70 eV
shown in parentheses. The neutral fragments in the scheme are only our suggestions and
no bonding arrangements are shown since these are not measured in our experiments. lons
containing no Ge atoms have lower intensities and include C3H3 (0.9%), C3Hz (0.1%), C,HE
(1.9%), C:H; (0.2%), C,Hj (1.6%) and C,Hj; (0.2%). These ion stoichiometries are based on
exact mass measurements. The total ionization cross section at 70 eV is 13 times that of Ar,
3.5+£0.4 x 10713 cm?2. More than 95% of the ions produced by electron impact contain the Ge
atom. The cross sections for each dissociative ionization process are shown from threshold to
70eV infigurel, and the coefficients for our functional fit are summarized in table 1. The first
three to emerge are the molecular ion GeCgH3,, and the two largest fragment ions GeCsHj; and
GeC,4H{; GeCgH is the most abundant ion from threshold to 25 eV. Above 25 eV, GeC,H7,
has the largest partial ionization cross section. Over 95% of the ionization is dissociative,
so that the present data provide lower bounds for the total dissociation cross section of this
molecule by electron impact. Note also that neutral fragments whose composition is not
measured in these experiments are aso produced by dissociative ionization.
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Table 1. Fitting parameters for dissociative ionization cross sections of GeEty. lons are listed in
the order of decreasing mass. Also listed are the cross sections, o, at 70 eV.

o at70eV
lon A (cm*) k (eV—1) a@EV) TEV) (10~1%cm?)
GeCgHi, 89x 1077 -58x1073 15 104 12
GeCgHi; 61x 10716 -4.6x1073 22 107 7.8
GeC,HY,  92x10718 -1.2x1073 49 119 9.8
GeCHY  46x 10716 31x107% 74 16.8 39
GeCHf 47x107'6  52x10~* 88 222 33
GeCoHf  42x 10717 -6.1x1073 50 37.7 0.50
GeCH}  60x10717 -7.1x1073 33 26.7 0.83
GeH3 14x 10716 -2.7x 1073 a1 225 14
GeH* 18x10°16 -2.9x1073 95 222 19
Ge* 17x 1071 -9.1x1073 9 231 2.3
C3HY 25x 10" -45x10™* 35 15.6 0.31
C3H} 12x 1077 20x 1072 110 317 0.04
CH? 68x 10717 -4.0x 10~ 93 248 0.68
CH} 14x 1077 17x1072 108 332 0.09
CoH} 49x 1077 -1.7x 1072 101 26.3 0.90
CH; 38x 10717 19x 102 267 38.9 0.08

We track the reactions of ion fragments with GeEt, by introducing a delay between the
ion formation at 50 eV and ion cyclotron excitation and detection, as shown in figure 2. Using
double-resonance techniques? we have found that Ar* reacts with GeEt, to form GeCgsHjs
(70%), GeC,H7 (22%) and C3HJ (8%) with branching ratios shown in parentheses. GeCgH}
is unreactive for products of Ge(C,Hs), pressure and times of less than 107 torr s. All
other fragment ions react rapidly with GeEt, to form GeCsH7; on this collisional time scale.
Table 2 summarizes our measured bimolecular reaction rate coefficients. The reaction rates

T For areview of the double-resonance technique in FTMS, see[23].
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Figure 1. Cross sections (cm?) for ionization of GeFt, by electron impact. Points represent
experimental data, and full curves are fits of the equation described in the text.

are identical to within 10% experimental uncertainty when the electron energy with which the
reactant ions are formed is 20, 35 or 50 eV. If products of dissociative ionization are produced
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Figure 2. Time evolution of positive ion species produced by 50 eV electron impact at a mixture
of GeEty and Ar (1: 1.3) with a total pressure of 6.8 x 10~ torr. Points represent experimental
data, and full curves are fits of akinetic model which gives the reaction rate coefficients presented

in table 2.
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Table 2. lon-molecule reaction rate coefficients in units of 1071° cm® s~1, measured in three
separate experiments, 1-3, in which the primary ions are formed by electron impact at 20, 35 and

50 eV, respectively.

Reaction rate coefficients

Reactantion  Experiment 1 Experiment2  Experiment 3

GCC4H'{'1 23+0.2 24+£02 22402
GeCyHY 27+03 26+03 2.7+03
GeCzHg 3.0£03 3.1 f0.3
GeCzHg —_ 3.6+04
GeCHj — 17+£0.2 17+0.2
GeHg — 35104 33+04
GeH* 41£04 42+ 04
Get —_ 46+05 46+05
C3HY 1840.2 18+£0.2 17+£0.2
C3H§ — 3.7+04
CzHg — 42+04 4.1 f0.4
CzHZa

CzH}' — 52405 5.1 f0.5
CzH;'a

Ar* 52405 514+05 50£05

2 Values for these ions are not available because of their intensities being too low to permit reliable
measurements.

with extra internal energy as the electron energy is increased they do not have enhanced or
reduced reactivity with the parent gas. Division of the reaction rates by the square root of
the reduced mass reveals that the probability of reaction per Langevin collision is constant to
within 25% for all ions except GeCH} and C3Hj3.

Although the ion ensemble produced by electron impact in a plasma depends on the
distribution of electron energies in the discharge, GeC,Hj, and GeCsH7, generally dominate
the ion distribution because of their low thresholds and large cross sections. However,
relaxation of the ion ensemble by charge transfer collisions occurs at pressure-time products
in the 1077 torr s range, increasing the proportion of GeCgHj a the expense of al of the
more extensively dissociated fragment ions. This chemistry is strikingly similar to our earlier
observations on the isoel ectronic Si(CH3)4 molecule, where charge transfer from lighter ions
and Ar* leads to Si(CH3)3.

Gazicki and co-workers[15] have examined the effluent of a 70 mtorr radio-frequency
plasma containing 1.5% GeEty in argon using quadrupole mass spectrometry. Their mass
spectra a 70 eV show no parent ion in the m/e 183-193 range and a ratio of GeCgsHj5 to
GeC,H{, of over 20 at the lowest (7 W) plasma power. The absence of the parent ion may be
due to amislabelling of the mass scale in their figure 4. If we assume that all of the GeC4H7,
comes from dissociative ionization of GeEt4 then the precursor is at least 95% dissociated by
their 7 W plasma.

Gazicki and his co-workers have also observed powder products in a separate study
on GeEty plasmas [24]. They rationalize the observed binary-particle size distribution by
suggesting two different growth mechanisms. Inspired by clustering studies of silicon hydride
cations in silane plasmas [25,26] we probed the reactions of GeCsHjs and GeCgH3, with
neutral GeEty at pressure-time products of up to 5 x 10~ torr s. Two Ge dimer ions, GeoCsH7,
and Ge,CgHj,, were slowly formed (reaction rates < 1072 cm3 s=1). This result implies that
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cationic polymerization of neutral GeEt, is not responsible for dust production. lon-radical,
radical-radical, anion-radical and anion-molecule collisions remain candidates for cluster
formation. We do not observe negative ions from dissociative attachment to GeCgHag, but
anions may be formed by electron attachment to neutral radicals that are produced in the
plasmas.

4. Summary

Electron impact ionization of GeEts; produces the molecular ion GeCgHy, and 15 ionic
fragments with a total cross section of 3.5 + 0.4 x 10~ cm? at 70 eV. Most of the fragment
ions contain Ge, with less than 5% yield of hydrocarbon ions. Below 25 eV, GeCgHjs is
the most abundant ion, while above 25 eV GeC,H{, has the largest partia ionization cross
section. Smaller fragment ions undergo rapid reactions with GeEt4 to form GeCgsHjs, with
rate coefficients in the range of 2-5 x 10~'% cm? s™1. GeC4H reacts with GeEty to produce
Ge,CsHi, and Ge,CsHJ, at rates of lessthan107'2 cm? s!. The reaction rates are independent
of the electron energy with which the reactant ions are formed. Ar* reacts with GeEts with a
rate coefficient of 5.1 x 1071% cm? s~!, producing GeCgH}5 with smaller yields of GeC,H3
and C;HY. Taken together, the cross sections and rate data imply that GeC¢Hjs dominates the
ion flux to surfaces under many plasma conditions.
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Abstract

Cross sections for electron impact ionization of trimethylsilane from threshold to 70 eV have been measured using Fourier
transform mass spectrometry. High resolution mass spectra show that the parent ion Si(CH,;),H™ is not formed by €electron
impact. Only one of the 15 ions produced by dissociative ionization lacks a silicon atom. The total ionization cross section is
15X 107" cm? at 70 eV. (CH,),SiH ™ and (CH;),Si™ comprise over half of the ions produced by electron impact, but charge
transfer reactions of (CH,),SiH™ and lighter ions yield (CH,),Si™ at pressure-time products in the 1077 Torr srange. The
implication of thision chemistry is that ion fluxes to the walls of trimethylsilane plasmas are predominantly (CH,),Si™. (Int
JMass Spectrom 184 (1999) 83-88) © 1999 Elsevier Science B.V.

Keywords: Electron; lon; lonization; Reaction; Cross section

1. Introduction

The use of volatile silicon compounds for plasma
enhanced chemical vapor deposition of semiconduct-
ing and insulative films requires their ionization by
electron impact in plasmas. Although both silane
(SiH,) and tetramethylsilane (CH,),Si are tetracoor-
dinate molecules, their ion chemistries are quite dif-
ferent. Electron impact on SiH, produces a *T, ion
that is Jahn-Teller unstable and dissociates to SiH3
and SiHy; no parent SiH; is observed [1]. By
contrast, a small yield of (CH,),Si™ is produced from
tetramethylsilane [2]. Silane ion fragments polymer-
ize with silane to give stable clusters with up to four
silicon centers [3], but reactions of the ion fragments

* Corresponding author. E-mail: Alan.Garscadden@wl.wpafb.
af.mil

1387-3806/99/$20.00 © 1999 Elsevier Science B.V. All rights reserved

PIT S1387-3806(98)14270-7

produced by dissociative ionization of tetramethylsi-
lane with the parent gas do not lead to the ionic silicon
polymerization [2].

Here we report measurements of the ionization
cross sections and charge transfer reactions in trim-
ethylsilane, a molecule that has both Si-H and Si—
CH, bonding. This gas is a precursor for plasma
enhanced chemical vapor deposition of amorphous
silicon carbide films [4,5] and has applications for
abrasion and chemically resistant coatings as well as
semiconductor device elements.

2. Experimental

Trimethylsilane (99.99%, United Chemical Tech-
nologies, Inc.) gas is mixed with argon (99.999%
Matheson Research Grade) with a ratio of 1:]1 as
determined by capacitance manometry. The mixture
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is admitted through a precision leak valve into a
modified Extrel Fourier transform mass spectrometry
(FTMS) system that has been described in detail
elsewhere [6]. lons are formed by electron impact in
acubic ion cyclotron resonance (ICR) trap cell (5 cm
on a side) at pressures in the 10”7 Torr range. An
electron gun (Kimball Physics ELG2, Wilton, NH)
irradiates the trap for 6 ms with a few hundred
picocoulombs of low-energy electrons. The motions
of the ions are constrained radialy by a superconduct-
ing solenoidal magnetic field (-2 T) and axially by an
electrostatic potentia (1 V) applied to the trap faces
that are perpendicular to the magnetic field. lons of al
mass-to-charge ratios are simultaneously and coher-
ently excited into cyclotron orbits using a stored
waveform [7,8] applied to two opposing trap faces
that are parale to the magnetic field. The excitation
period is -2 ms and the radius of ion cyclotron orbits
after the excitation is -0.5 cm. Following cyclotron
excitation, the image currents induced on the two
remaining faces of the trap are amplified, digitized,
and Fourier analyzed to yield a mass spectrum. The
data acquisition time is typically 2 ms.

Calculation of cross sections from the mass spec-
trum intensities requires knowledge of the gas densi-
ties, the electron beam current, and the number of ions
produced. These calibration issues have been de-
scribed previously [6]. The intensity ratios of the ions
from (CH;),SiH to Ar™ give cross sections relative to
those for argon ionization since the (CH;);SiH:Ar
pressure ratio is fixed.

The distribution of electron energies in the trap,
based on the solution of Laplace's equation for the
experimental geometry, is roughly Gaussian with a
full width a half maximum of 0.5 eV due to the
electrostatic trapping bias[6]. The mean energy of the
irradiating electrons is accurate to £0.2 eV based on
comparison of noble gas ionization thresholds with
spectroscopic data. We fit the cross section data to an
empirical functiona form:

me—-T
o = A tanh (T)e—k(e—ﬂ

where o is the cross section, e is the electron energy,
T is the appearance potential, A scales the amplitude,
o quantifies d o/de near threshold, and k characterizes
behavior at energies >=>T.

The monoisotopic mass spectral patterns were
calculated using the isotope abundances for silicon:
*%S1 (92.28%), *°Si (4.67%), and *°Si (3.05%), and for
carbon: '2C (98.9%) and "*C (1.1%).

3. Results and discussion

Of the 15 ions produced by electron impact on
trimetbylsilane the (CH,),SiH* and (CH,);Si" to-
gether account for more than half of the total yield.
Other fragments include SiC,H; with x =
{1,3,5,6}, SiCH; withy = {1-5}, and SiH," with
z = {0,1,3}. Except for traces of CH,* formed
above 40 eV dl of the ion fragments contain silicon.
The cross sections are displayed in Fig. 1(a) and (b),
with parameters for the fitted curves summarized in
Table 1. The total ionization cross section at 70 eV is
5.1 = 0.5 X 107" cm?. Although cracking patterns
of trimethylsilane at selected energies have been
reported [9-11], this account is the first complete
presentation of the energy-dependent partial ioniza-
tion cross sections.

Fig. 2 shows high resolution spectra at masses where
evidence of an undissociated molecular ion should be
seen. The peaks near m/e = 74 and 75 are shown to
arise from the naturally abundant isotopes of silicon and
carbon, proving that the Si(CH,);H™ is not formed by
electron impact. Based on our detection sensitivity, the
cross section for producing the parent ion must be less
than 2 X 10™'® cm® The observation of Si(CH,),H"
(50%) following Penning ionization by Ar* (*P,) [12] of
trimethylsilane shows that this ion is thermodynamically
stable; it is not formed by electron impact because of
the short interaction time and unfavorable momentum
considerations compared with Penning ionization.

Figs. 3(a)-(c) illustrates the fate of al ions pro-
duced by 50 eV electron impact as they are allowed to
collide with neutral trimethylsilane. The trimethylsilyl
cation, Si(CH,);, is produced by hydride transfer
reactions of all lighter ion fragments with (CH;),Si.
Si(CH,)3 reacts sowly (k = 6 x 107" cm® s
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Fig. 1. (@) and (b) Cross sections (cm?) for ionization of (CH,),SiH by electron impact. Points represent experimental data, and solid lines are

fits of the form described in the text.

with trimethylsilane to yield a cluster ion Si,C¢H 5.
This association reaction requires either emission of a
photon or a vibrationally excited intermediate that
survives at least for milliseconds to be collisionally
stabilized at our experimental pressures.

Most of the remaining ion kinetics can be summa-
rized by the overall methide and hydride transfer
reactions:

Table 1l

R* + (CH,),SiH — SiC,H7 + (RCH,) (1)
R* + (CH,),SiH — SiC;H + (RH) )
with branching ratios summarized for each applicable
Rin Table 2. The SiH™" ion also produces SiCH; with
a 15% branching ratio, and the yield of CH5 from

dissociative ionization was too small to quantify its
reactions.

Fitting parameters for dissociative ionization cross sections; ions are listed in the order of the decreasing intensities at 70 eV that are

shown in the last column

oa 70eV
lon A (cm?) k@Ev™h a (eV) T (eV) (10716 cm?)
SiC,H; 43 x 107'® -3.2X 1073 26 11.9 5.1
SiC,Hy 31 x 10718 -1.9x107? 15 112 35
SiCH? 28 X 10718 6.9 x 1073 87 172 18
SiC,H7 12 x 107'8 -1.8x 1073 19 112 13
SiCH; 8.9 %X 107" 14 x 1073 29 15.0 0.83
SiH7 6.5 X 10717 -9.9x 107 32 15.4 0.68
SiCH; 85 x 107" 7.6 X 1072 91 25.4 0.54
SiH* 81 x 1077 7.6 X 1073 83 21.8 0.53
SiC,H7 49 x 107'® 20x 107* 33 14.3 0.48
SiC,H* 44x 107" 42x1073 86 285 0.34
Si+ 38 x 107" 22x 1073 86 224 0.32
SiC,H; 24X 10718 31x 1073 43 22.4 0.22
SiCH* 15 x 107" -3.1x 1072 96 318 0.14
SiCH; 6.6 x 107" 23X 1073 28 20.2 0.06
CHy 8.0 X 10718 88 x 1073 114 334 0.04
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Fig. 2. High resolution mass spectrum of (CH;);SiH acquired at 30
eV. It shows the absence of the molecular ion, (CH,);SiH™, which
has the mass-to-charge ratio position marked by asterisks in the
inset.

Double resonance experiments allowed the isola-
tion of channels for the production in small yield of
disilicon cations Si,C,H;;, Si,C;Hg, Si,C;H;, and
Si,C¢H{, with branching ratios shown below in pa-
rentheses. These following reactions are in addition to
reaction (1) and (2)

Si* + Si(CH,),H — Si,C;Hy + H (27%) ©)
SiCH? + Si(CHs):H — SL,CH7, + (Hy) (7%)

4
SiC,H; + Si(CH,);H — Si,C,Hg X
+ (C.Hy) (72%) o)
SiC,HS + Si(CHj);H — Si,C;H{;
+ (C.H,) (46%) (©)

SiC;Hy + Si(CHy);H — Si,CeH{s (100%)  (7)

and are quantified in Table 2. Among the products of
these dimerization reactions only Si,C;H;, undergoes
further reaction with trimethylsilane:

Si,C;H;; + Si(CH;);H — Si,C,H; + (SiC,Hg) (8)
The other disilicon akylcations react only with

background moisture to produce oxygen-containing
disilicon cations. This behavior lies between the

clustering of silane, which proceed to tetra-silicon
ions before dowing, and tetramethylsilane, which
exhibits no cationic polymerization.

Since argon is commonly used as a diluent in
plasma processing we have also measured the reaction
of Ar* with trimethylsilane with products and branch-
ing ratios shown in

Ar* + Si(CH,);H — SiH; + (C5H, + Ar) (29%)
— SiCHY + (C,H; + H, + Ar) (11%)

— SiCHY + (C,Hs + Ar) (8%)

— SiC,HF + (CH, + 2H, + Ar) (5%)

— SiC,HZ + (CH, + H, + Ar) (14%)

— SiC,HJ + (CH, + Ar) (4%)

— SiC,HI + (CH, + Ar) (19%)

~ SiC,HF + (H + Ar) (10%) @)

We have repeated the ion kinetic studies for ions
produced by electron impact at 20, 35, and 70 eV to
probe for chemistry driven by ions with vibrational,
electronic, or rotational excitation. As summarized in
Table 2, al reaction rates reported here are indepen-
dent of the electron energy with which the reactant
ions are formed. If internally excited ions are pro-
duced at elevated electron energies they are neither
more nor less reactive than their counterparts formed
at lower electron energies.

On first inspection the Ar™ reaction would com-
plicate the composition of ion fluxes in trimethylsi-
lane plasmas. However, each of the ion products in
reaction (9) reacts rapidly according to reactions (1)
and (2) so that the ion composition is largely
Si(CH,); at pressures and residence times used in
plasma processing. We have previously found identi-
ca film stoichiometries, SiC,, using Auger electron
spectroscopy of films produced in trimethylsilane and
tetramethylsilane plasmas [ 13], as would be expected
for ionic deposits from these two gases since each
delivers Si(CH,)7 ions to the surface [14]. The ionic
mechanism was further supported, in the earlier study,
with film thickness modification by a magnetic field.
In sum, the power and pressures of trimethylsilane and
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Normalized Ion Intensity

Normalized Ion Intensity

0.001+

tetramethylsilane plasmas can be tuned to deliver ion
fluxes with the same composition to a substrate. This has
practical value since liquid tetramethylsilane is less
expensive and easier to handle than trimethylsilane gas.

4. Conclusion

Electron impact ionization of trimethylsilane pro-
duces no Si(CH;);H*. Dissociative ionization pro-
duces 15 ionic fragments, only one of which lacks a

Normalized Ion Intensity

87

0.001

Fig. 3. (8), (b), (c) Evolution of positive ion species produced by 50
eV electron impact on a mixture of (CH3);SiH and Ar (1:1) with a
total pressure of 5.4 X 1077 Torr.

silicon atom, with atotal cross section of 1.5 = 0.5 X
107! ecm?® at 70 eV. Over half of the ion yield is
comprised of Si(CH;); and SiH(CH,);. Although
produced in higher yield by electron impact, Si-
H(CH,); reacts rapidly with trimethylsilane to pro-
duce Si(CH,);. Lighter ions react rapidly to form
Si(CH;); and SiH(CH,);, so that trimethylsilane
plasmas produce Si(CH,)3 at the expense of other ion
species. Cationic polymerization yields ions with only
two silicon atoms; no trisilicon cations were formed.
The stability of the parent molecular ion and the
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Table 2

Branching ratios of reactions (1) and (2) for selected reactant ions (see the text); also listed are the rate coefficients measured with
reactant ions formed by dissociative ionization at different electron energies

Branching ratios #

Reaction rate coefficients

mlz lon rxn.1 rxn.2 20eV?® 35evV® 50ev® 70evV?®
28 Site 35 38 10.7 10.7 105
29 SiH™ 41 44 10.9 10.9 10.6
31 SiH; 72 28 10.6 10.6 10.6 103
41 SiCH* 53 47 9.3 9.3 9.4
42 SiCH; 44 56 8.8 8.8 8.6
43 SiCH;° 23 70 75 75 7.4 7.3
44 SiCHy 52 48 10.1 10.1 9.9
45 SiCHZ 67 33 8.1 8.1 8.1 8.0
53 SiC,H* 17 83 8.1 8.1 85
55 SiC,H5® 15 13 .. 73 7.1 71
57 SiC,Hs® 25 29 7.9 7.9 7.8 7.8
58 SiC,H{ 17 83 7.3 7.3 7.3 71
59 SiC,H7 100 6.9 6.9 6.9 6.2
73 SiC;Hg® 0.06 0.06 0.06 0.06
103 Si,C,H ¢ 2.1 21 1.9 1.9

2 Branching ratios of reactions (1) and (2), respectively, for the selected ions. See the text.

® Electron energies at which the reactant ions are formed.

© 8i*, SiCHY, SiCH3, and SiC,HZ also undergo clustering reactions (3)—(6), respectively.

4 SiH* also produces SiCH,™ with a 15% branching ratio.
¢ SiC,Hy and Si,C;H{; undergo reactions (7) and (8), respectively

extent of cationic polymerization of trimethylsilane
lie between those for silane and tetramethylsilane.
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